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ABSTRACT 
MATTHEW RYAN BRANHAM:  Monolayer-Protected Metal Clusters (1-2 nm): Part 
A) Synthesis and Characterization, Part B) Vapor-Sensing and Electron Transfer 
Kinetics in Network Polymer Films 
(Under the direction of Prof. Royce W. Murray) 
 
    Chapter One is an introduction to monolayer protected metal clusters (MPCs) as species 
that, because of their small size, bridge the gap between bulk and molecular behavior.  The 
method of and variations in their synthesis, as well as their general chemical and 
electrochemical properties, are presented, as are recent examples of their practical 
applications. 
    Chapter Two introduces a new 1-2 nm diameter organic-soluble silver MPC species 
protected by 4-tert-butylbenzyl mercaptan (BBT) ligands and synthesized using two different 
protocols.  The BBT ligands impart crucial stability to the small silver cores that otherwise is 
extremely difficult to maintain.  MPCs produced with a two-phase protocol exhibit quantized 
double layer (QDL) charging voltammetry and a strong surface plasmon resonance at 475 
nm, whereas MPCs produced with a one-phase protocol show neither of these features.  The 
difference is due to an oxide coating on the one-phase product, observed with XPS.  Average 
stoichiometric formulae of Ag140BBT53 and Ag225BBT75 are obtained, for the two most 
 iii
populous core sizes, from a combination of thermogravimetric, microscopic, mass spectral, 
and electrochemical data. 
    Chapter Three presents the assembly and characterization of dithiol-linked gold MPC 
network polymer films grown using protocols all based on ligand place-exchange chemistry 
but differing in growth time, growth cycles, and solution preparation.  A study of the growth 
mechanism and the rate of growth is also presented.  The electronic conductivities, electron 
transfer rate constants, and activation energy barriers were observed to change systematically 
depending on the chain lengths of both the linking (dithiol) and nonlinking (monolayer) 
ligands, implying electronic tunneling through both kinds of ligands.   
    Chapter Four presents the interaction of dithiol-linked gold MPC films of different 
thicknesses with various solvent vapors.  Increases in film conductivity were observed upon 
the absorption of both polar and nonpolar vapors, implying that the changing of the distance 
between MPC cores is not the sole mechanism occurring in this process.  Thinner (27 nm) 
films are seen to be better suited for the detection of low vapor concentrations, and these 
capabilities are examined with short pulses of vapor.  Airbrushed gold MPC films are also 
described in terms of their sensing aspects and are observed to respond identically to 
differing vapor pressures, presumably due to the “on/off” tendencies of their electronic 
pathways upon absorption and desorption, respectively. 
    Chapter Five examines the electron transfer kinetics in solvent-wetted dithiol-linked gold 
MPC films in terms of electron diffusion coefficients (De) and times-of-flight (tmax) 
determined using electronic charge and voltage pulses.  Interdigitated array electrodes were 
used as generator-collector systems in a four-electrode setup, with a pulse generating a flow 
of electrons at the generator and traveling through the film in amounts of time dependent on 
 iv
the magnitude and duration of the pulse.  Electron transfers were observed to be faster with 
poorly absorbed solvents, due to less film swelling, and were faster overall than those 
previously seen in various redox polymers and hydrogels.  Film conductivities were 
irreversibly increased as a result of the pulses, due to doping of the films with 
electrons/holes. 
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CHAPTER 1 
 
MONOLAYER PROTECTED METAL CLUSTERS (MPCs) 
 
1.1 Introduction 
    Research in the field of nanoscience has greatly intensified in recent years, culminating in 
the founding of the National Nanotechnology Initiative1 (NNI) by the United States 
government in 1996.  The NNI defines an item as nano if it measures below 100 nm in at 
least one of its dimensions.  Colloidal metal particles have drawn the attention and 
admiration of artists and scientists alike for centuries,2 mainly due to their optical properties 
that vary with size and shape.  For example, the Lycurgus Cup,3 a Roman artifact dating from 
the 4th century A.D., contains 70 nm gold (40 ppm) and silver (300 ppm) particles suspended 
in its glass.  Because of the optical characteristics of the particles, the Cup appears green 
when light is reflected from its surface and red when light is transmitted through the glass. 
    Although much research remains devoted to colloidal particles, the focus has shifted in the 
past decade to particles with smaller dimensions (<10 nm), specifically those in the 1-3 nm 
range where bulk metallic properties yield to molecular behavior.  While colloidal particles 
typically are surrounded by either a loosely physisorbed layer of molecules (such as a 
surfactant) or nothing at all, the 1-3 nm particles require additional stability in the form of a 
chemisorbed monolayer shell, often consisting of thiol molecules because of their strong 
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affinity to most popular core metals, that prevents core aggregation and allows for repeated 
dissolution and drying without physical and structural alterations.  Nanoparticles passivated 
in this way (termed monolayer protected clusters or MPCs) have, for the majority of MPC 
research, predominantly been synthesized using gold as the core metal because it is a 
relatively unreactive metal that is not easily oxidized in ambient conditions, making for 
stable MPCs.  Other metals, such as platinum,4 palladium,4b,5 and copper,6 have been utilized 
but tend to form larger, less stable MPCs that are much more prone to core oxidation.  MPCs 
with metallic alloy7 cores have also been synthesized but encounter the same problems.  
Silver7d,8 is also a popular core metal because its atomic structure is similar to that of gold 
(one less electron shell), and it is also classified as a “noble” metal.   
    MPCs have potential and realistic applications in, among others, the following: 
    Biolabeling:9 Biolabeling with MPCs has generally been used to achieve specific binding 
sites for the attachment of biomolecules.  Grancharov9d and coworkers labeled magnetic 
MPCs with biotin and DNA chains to specifically bind avidin and complementary DNA base 
pairs, respectively.  Boal and Rotello9b used mixed-monolayer MPCs to preferentially 
recognize and bind flavins, and Xu, et al,9a reported the ability to selectively biofunctionalize 
a certain region of the MPC surface. 
    Luminescent tagging:10 Luminescent tagging has taken on two basic forms, either labeling 
the MPC with a fluorescent molecule or using a fluorescent MPC to tag a specific molecule.  
Cao, et al,10a labeled MPCs with a Raman-active dye and used the MPCs to screen for protein 
interactions utilizing surface enhanced Raman spectroscopy (SERS) to detect the 
occurrences.  Li and Ruckenstein10c grafted poly(acrylic acid) to silicon MPCs to enhance 
their water-solubility and their photoluminescent stability. 
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    Catalysis:4a Eklund and Cliffel4a reported the catalytic activity of platinum MPCs when 
they were used in the hydrogenation of the carbon-carbon double bonds of allyl alcohol and 
maleic acid.  The catalytic rates were observed to be dependent on the MPC monolayer but 
were lower than conventional platinum catalysts.  However, the much larger surface area 
contributed by the MPCs compared to conventional catalysts provides promise for the 
continuation of this research. 
    Sensing:11 Sensing with MPCs is presently a broad area of research that takes advantage of 
many MPC properties.  Van Duyne11a-c and coworkers have published extensively on the 
changes in the localized surface plasmon resonance (LSPR) of surface-bound silver 
nanoparticles upon chemisorption of various molecules.  Alternatively, many groups11d have 
made use of MPC luminescent properties to detect different adsorbates. 
    Release of chemical reagents in biological systems:12 Recently, investigation into the 
ability of MPCs to carry and release chemical reagents has been conducted.  Rothrock, et 
al,12b used amine-functionalized gold MPCs to slowly release nitric oxide while Hong12a and 
coworkers utilized glutathione-functionalized MPCs to carry optically active dyes. 
1.2 MPC Synthesis 
1.2.1 Gold MPCs.  Pioneering work by Brust, et al,13 produced MPCs surrounded by a 
monolayer of alkanethiol ligands and having an average core diameter of 1-3 nm.  This 
simple synthetic procedure begins with an aqueous solution of a gold salt (AuIII) that is 
captured and moved into an organic phase by a phase transfer catalyst (normally a 
tetraalkylammonium salt, e.g. Oct4NBr).  A thiol is then added, reducing AuIII to AuI and 
forming a polymeric gold-thiolate species.  Upon the addition of a reducing agent (e.g. 
NaBH4), AuI is further reduced to Au0.  The gold atoms begin to aggregate while at the same 
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time becoming passivated by the thiol molecules, forming a Au0 core with a thiolate 
monolayer shell, the aforementioned MPC.   
    The reaction conditions in this versatile synthetic procedure may be tuned to achieve 
MPCs with certain sizes and solubilities.  Hostetler, et al,14 showed that by varying the ratio 
of thiol to gold, the reaction temperature, and the rate of reducing reagent addition, the 
average MPC core diameter can be reliably controlled.  Alternatively, Whetten15 and 
coworkers achieved multiple core sizes by simply stopping the reaction at different times.   
    MPC solubility can be varied by changing the monolayer ligand shell, and this can be 
accomplished in two ways.  First, one may begin with a different thiol, water-soluble 
tiopronin16 for example, which then renders the MPCs soluble in aqueous solvents.  
Shimmin, et al,17 used poly(ethylene glycol) (PEG) in their initial synthesis to demonstrate 
accurate core size control, following from a similar study by Wuelfing18 and coworkers.  The 
second avenue involves a ligand place exchange procedure19 in which the initial ligands are 
replaced with different incoming ligands, usually resulting in a mixed monolayer shell.  This 
procedure has been employed to create monolayers with interesting moieties such as PEG20 
ligands as well as electrochemically active21 and optically fluorescent8a,22 ligands.  The 
number of ligands that are exchanged and the rate of exchange depend on the ratio of 
incoming to outgoing ligands and the temperature of the reaction.  1H Nuclear magnetic 
resonance (1H NMR) spectroscopy19d-f,23 is generally used for in situ monitoring of the 
process and to quantify the extent of the exchange.  If the exchanged ligands contain a ω-
functional group, coupling22b,24 and cleaving25 reactions may be performed to further modify 
the ligand shell without adversely affecting the MPC core.   
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    It is important to note here an unfortunate limitation to the Brust synthetic protocol—its 
inability to pinpoint a single core diameter.  For example, while the average core diameter of 
Au140L53 (e.g. Au140, L = monolayer ligand) is 1.6 nm, a typical sample contains a range of 
sizes from 1-3 nm.  Various methods may be employed to more finely separate the final 
product into its constituent sizes, including centrifugation26 and solvent fractionation.15,27  
Hicks, et al,28 found that by simply adding ethanol to the product, a more monodisperse 
population of Au140 MPCs remain soluble while other core sizes precipitate from solution.  
Although this fractionation method improves the dispersity in the processed sample, a 
distribution of core sizes, albeit smaller, remains.  Attempts to separate the various core sizes 
by high pressure liquid chromatography (HPLC)29 have been successful but have yet to be 
scaled up to large amounts to rival those obtained with solvent fractionation.  HPLC is 
powerful in that it is able to separate MPCs by size as well as polarity (smaller MPCs are 
more polar),29a,30 and it can be utilized with in-line ultraviolet-visible optical absorbance 
spectrophotometry (UV-vis), photoluminescence, and electrochemical30a,31 detection to 
provide accurate analysis of small fractions of the eluted peaks. 
1.2.2 Silver MPCs.  The synthesis of silver MPCs continues to attract attention because 
they have been demonstrated to be useful as substrates for surface-enhanced Raman 
responses32 and can be formed into electronically conductive printed films.33  Despite its 
“noble” metal status, the properties of silver are inherently different than those of gold.  
Silver is more reactive and easily oxidizes under ambient atmospheric conditions, making 
stable MPCs more difficult to obtain.  The synthesis and characterization of small, stable 
silver MPCs exhibiting rarely seen (for metals other than gold) quantized electrochemical 
characteristics will be presented in Chapter 2. 
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    Larger silver MPCs have been synthesized using many different methods, including 50-
100 nm wide surface-bound triangles fashioned by a nanolithographic technique11a and then 
thiolated and dislodged into solution.34  Silver nanoparticles have also been observed to be 
created biologically,35 but these are large and polydisperse in core size.  Large (~8 nm) but 
highly monodisperse silver nanoparticles have been synthesized in a continuous flow 
microreactor,36 but a simpler method is desired to facilitate easy and cost-efficient 
production.  Most groups seem to have settled upon methods utilizing a two-phase procedure 
a la Brust, et al,13 or a micellar technique,37 with the choice of monolayer ligands varying 
widely from large surfactants such as oleate,38 stearate,39 trioctylphosphine oxide (TOPO),40 
and polyacrylic acid41 to smaller molecules like trimethyl(mercaptoundecyl)ammonium 
(TMA),5a mercaptosuccinic8c and mercaptoacetic32c acids, and alkanethiols.8a  The diameters 
of these MPCs range from 2 to 40 nm or more, and they are polydisperse in core size.   
1.3 Characterization and Properties of Gold and Silver MPCs 
    The characterization of MPCs has been achieved using a variety of different analytical 
techniques.  Visualization and direct size determination may be accomplished using 
transmission electron microscopy (TEM)14 and atomic force microscopy (AFM).  Ultra high-
resolution TEM (HR-TEM)42 is used to view the lattice structure of the crystalline cores, and 
UV-vis yields relative core sizes depending on the shape and position of the surface plasmon 
resonance (SPR) band.43  The information gleaned from these techniques, coupled with that 
obtained from thermogravimetric analysis (TGA),14 laser desorption-ionization time-of-flight 
mass spectrometry (LDI-TOFMS),30b,44 X-ray diffraction (XRD),8b,14,45 and X-ray 
photoelectron spectroscopy (XPS)14,46 serves to structurally quantify the composition of the 
MPCs in order to elucidate an average chemical formula.   
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    The chemical formula is linked to the shape of the MPC itself.  It is generally 
accepted14,15,47 that the core is allowed certain “magic” numbers of atoms, depending on core 
shape and corresponding to complete concentric layers of atoms surrounding each successive 
interior layer.  The geometric shape of the core is assumed to be a truncated octahedron,14,15 
further verified by ligand place exchange experiments19d-f that indicated different rates of 
exchange for some ligands, implying unequal surface binding sites located on the different 
defect regions (vertices, edges, terraces) of the octahedron. 
    Because these MPCs have core sizes on the verge of the bulk to molecular transition, small 
changes in the core size have dramatic effects on their optical and electrochemical properties.  
Optically, gold MPCs with core diameters greater than 2 nm (Au225 and larger) exhibit a 
relatively broad SPR band with a λmax at 520 nm.14,30a,43  As the core diameter is decreased, 
the SPR band broadens further and shifts to the blue until the spectrum is featureless, as in 
the case of Au140 (1.6 nm) and Au75 (1.4 nm).  Further reduction in core diameter to 1.1 nm 
for Au38 results in more molecular behavior with the spectrum showing a step-like 
structure.48  These step-like features can also be interpreted to determine the relative 
oxidation state of the Au38 MPC core.48a  Conversely, larger (>2 nm) silver MPCs exhibit an 
intense and sharp SPR band with a λmax at ~420 nm.29c,37a,49  Upon reduction of the core 
diameter to 1-2 nm, the SPR band becomes broadened, less intense, less symmetric, and 
shifts to lower energy. 
    Electrochemically, gold MPCs behave in well-known, organized ways that are highly size-
dependent and are exclusive to gold, with very few exceptions.5b,6,50  In gold MPCs with core 
diameters between 1.4 (Au75) and 2.0 nm (Au225), a phenomenon called quantized double 
layer (QDL) charging28,30,51 occurs, as depicted in Figure 1.1.  Obeying Nernstian redox  
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Figure 1.1  Square wave voltammogram of Au140(SC6H13)53 MPCs (~1 mg/mL) in 0.1 M 
Bu4NClO4/CH2Cl2. 
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theory, each peak represents a reversible one-electron transfer to or from the MPC core.  The 
sequential peaks are a consequence of the tiny (<1 aF) capacitance (CCLU) of the MPCs, and 
the value of CCLU depends upon the electronic potential spacing (∆V) between the peaks:  
CCLU = e/∆V       (1) 
where e is the elementary charge constant (C).  QDL charging has been observed with other 
metals,5b,6,50 but these cases are rare, and the behavior is not nearly as predictable, a testament 
to the stability of gold as the core metal in these tiny species. 
    CCLU can be used to electrochemically determine a core radius when the MPC is modeled 
as a concentric sphere capacitor.28,51  In this model, shown in Figure 1.2, the conductive 
metal core and the electrolyte solution are separated by a dielectric medium (monolayer 
ligand shell).  CCLU is given by28,51 
CCLU = 4πεε0(r/d)(r+d)     (2) 
where ε is the monolayer dielectric constant, ε0 is the permittivity of free space, r is the MPC 
core radius, and d is the monolayer chain length.  Because of the dependences on the 
monolayer, changing its thickness and dielectric constant (by using different ligands) has 
been observed to significantly alter CCLU.27 
    When the core diameter is reduced to that of Au75 (1.4 nm) and Au38 (1.1 nm), a molecular 
HOMO-LUMO bandgap44a,48b becomes apparent in the solution voltammetry.  This bandgap 
implies irregular spacing between energy levels for the MPC, and energy level diagrams30b,48a 
showing this have been constructed.  In contrast, MPCs with diameters larger than 2 nm 
possess simply a continuum of electronic states typical of bulk metal.  From (2), a larger core 
diameter corresponds to a larger CCLU which in turn yields a smaller ∆V (1).  The large CCLU 
contributes to a large current background in the cyclic voltammetry, and this, coupled with 
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Figure 1.2  Concentric sphere capacitor model of an MPC. 
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poor ∆V resolution, causes the peaks to coalesce into a flat featureless electrochemical signal 
indistinguishable from the background. 
1.4 Applications of MPCs 
    Since the work of Brust over a decade ago, the study of small metal nanoparticles has 
naturally led to many different possible applications.  These applications take advantage of 
the ensemble properties of the nanoparticles to achieve certain capabilities, and a few 
examples are presented here. 
    Vanderpuije, et al,52 reported the use of gold MPCs functionalized with mixed monolayers 
containing anionic and cationic ligands to preconcentrate peptides in dilute solutions for 
matrix assisted laser desorption ionization mass spectrometric (MALDI-MS) analysis.  The 
MPCs, initially protected by octanethiol monolayers, were functionalized with ammonium 
and carboxylic acid thiol derivatives for anionic and cationic peptide interactions, 
respectively.  The direct MALDI-MS detection of peptide concentrations as low as 500 pM 
was achieved using low concentrations of MPCs (50 µM). 
    Rothrock, et al,12b reported the synthesis of gold MPCs capable of slowly releasing nitric 
oxide (NO) over time.  The slow release of NO is important in the design of biomedical 
devices because it discourages the adhesion (clotting) of blood platelets to the devices.  The 
MPCs (core diameter ~2 nm), initially coated with hexanethiol, were subjected to a ligand 
exchange with a Br-terminated thiol, and the Br group was then replaced with an amine.  The 
MPCs were charged with NO, and NO release was observed for up to 600 minutes and in 
total amounts up to 87 nmol NO per mg MPC. 
    Ibañez, et al,53 reported the vapor sensing properties of gold MPC films constructed with 
microcontact printing.  The structural stability of the films suffered when the MPCs (core 
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diameter ~1.6 nm) were not linked together.  Upon linking with hexanedithiol, the films 
became quite stable, and reversible current responses to the vapors were observed.  The 
sensing properties varied with temperature; gradual loss of sensitivity was seen as the 
temperature was increased to >300 oC, culminating in the total loss of the organic ligands at 
high temperatures. 
    Aubin, et al,9c presented a strategy using water-soluble gold MPCs (core diameter ~3 nm) 
functionalized with bis(p-sulfonatophenyl) phenylphosphine dihydrate to specifically label 
the protein ribonuclease S, taking advantage of the affinity of the thiol group (in the form of a 
cysteine attached to one piece of the protein) for the gold core.  The MPCs aid in 
biomolecular sensing and imaging.  Since ribonuclease S is made up of two peptide pieces, 
the reaction is done in two steps to ultimately yield the labeled active enzyme.  This avenue 
avoids the common problem of nonspecific binding of the MPCs to the protein while 
allowing the protein to remain structurally preserved for further interaction. 
    Shafer-Peltier, et al,54 used silver-coated polystyrene latex nanospheres immobilized on a 
glass surface as a SERS substrate for the detection of low concentrations of glucose.  The 
silver was further coated with a monolayer of decanethiol, forming a stationary phase that 
preconcentrates the glucose near the nanosphere surface.  The sensor was able to accurately 
detect glucose concentrations in the clinically relevant range (< 25 µM) within acceptable 
error. 
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CHAPTER 2 
 
ARYLTHIOLATE-PROTECTED SILVER QUANTUM DOTS 
 
2.1 Introduction 
    Interest in applications of nanometer-sized clusters of metal atoms is broadly based and 
includes biolabeling,1 luminescent tagging,2  catalysis,3 sensing,4 and release of chemical 
reagents in biological systems.5  Basic aspects of metal nanoparticles include the 1-3 nm 
diameter regime, where bulk properties give way to molecular behavior.  Synthetic work by 
Brust et al.6 led to thiolate ligand-stabilized clusters with Au cores in that size range and 
catalyzed attention to the quantum dot properties of these monolayer-protected clusters 
(MPCs), notably quantized double layer (QDL) charging7 and the appearance of a molecule-
like bandgap.8  Core size-dependent properties are also influenced by the thiolate ligand 
chemistry.9    
    This chapter concerns silver MPCs, for which the substantial literature includes two-phase6 
and micellar procedures10 and protecting monolayers ranging from surfactants like oleate,11 
stearate,12 trioctylphosphine oxide (TOPO),13 and polyacrylic acid14 to smaller ligands like 
trimethyl(mercaptoundecyl)ammonium (TMA),15 mercaptosuccinic16 and mercaptoacetic17 
acids, and alkanethiols.18  The resulting MPCs are polydisperse with core sizes ranging from 
2 to 40 nm in diameter.  Silver MPCs can be used as substrates for surface-enhanced Raman 
responses17,19 and can be formed into conductive printed films.20  Large triangular silver 
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MPCs (50-100 nm wide) have been prepared by a nanolithographic technique4a and then 
thiolated and dislodged into solution.21  Large silver nanoparticles can also be formed in 
biological matrices,22 and large (~8 nm) but quite monodisperse silver nanoparticles have 
been synthesized in a continuous flow microreactor.23   
    Metal quantum dot phenomena have been observed almost exclusively with gold MPCs,7-9 
largely owing to their good stability—even at very small sizes—which facilitates the typical 
necessary steps to isolate size fractions from polydisperse synthetic products.  There is 
increasing activity in preparing small MPCs from other metals such as platinum,3,24 
palladium,15,24a,25 copper,26 and silver,16,18,27 but producing stable MPCs of these other metals 
that are monodisperse enough to observe quantum dot properties has been less successful.  
Quantized double layer (QDL) charging of other metal MPCs has been seen for dissolved 
palladium25 and copper26 MPCs, in the latter case decaying when the copper surface became 
oxidized.   QDL of silver MPCs has been reported28 in only one instance, for surfactant-
protected, surface-attached 3.3 nm silver nanoparticles.  This chapter includes the first 
demonstration of a quantum capacitor effect for dissolved, diffusing silver MPCs and also 
exposes the negative effects of silver oxide formation on the QDL property. 
    This laboratory has experimented extensively with gold MPCs protected by alkyl- and 
arylthiolate monolayers, including MPCs in which the metal core is thought to contain about 
140 gold atoms (e.g. Au140).  Judging from its QDL properties,7 this MPC does not exhibit a 
molecular HOMO-LUMO energy gap.  Another purpose of this work was to identify silver 
MPCs that are analogs to those of gold in order to compare their physical and chemical 
properties and reactivities. 
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    Two different synthetic protocols were used to prepare silver MPCs.  The preparation from 
which QDL properties successfully result is a two-phase method,6 termed Prep A-AgBBT 
MPCs.  The second protocol, producing Prep B-AgBBT MPCs and derived from a procedure 
reported by Murthy et al,27b is performed in an ethanolic phase.  No QDL charging was seen 
for the Prep B-AgBBT MPCs, apparently because of significant silver core surface oxidation.  
In both cases, although numerous different thiols were tested, small size and reasonable 
stability were best afforded by the ca. cone-shaped ligand 4-tert-butylbenzyl mercaptan 
(BBT).  The size and composition of the MPCs was assessed by UV-vis spectroscopy, 
transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), 
thermogravimetric analysis (TGA), and laser desorption-ionization time-of-flight mass 
spectrometry (LDI-TOF-MS).  High-pressure liquid chromatography (HPLC) with UV-vis 
detection was used in further study of MPC optical spectra.  While both preparations give 
poly-disperse silver core sizes, the dominant core size that leads to the QDL voltammetry 
corresponds to the average formula Ag140BBT53. 
2.2 Experimental Section 
2.2.1 Chemicals.  Silver nitrate (99.9999%), tetraoctylammonium bromide (Oct4NBr), 
tetrabutylammonium perchlorate (Bu4NClO4), sodium borohydride, 4-tert-butylbenzyl 
mercaptan (BBT), ethanol, methanol, dichloromethane, and n-heptane were obtained from 
commercial sources and used as received. 
2.2.2 AgBBT MPC Synthesis.  Prep A-AgBBT MPCs were synthesized using a modified 
version29 of the Brust6 protocol.  A mixture of solutions of 1.7g AgNO3 in 100 mL H2O and 
5.5 g Oct4NBr in 100 mL toluene was magnetically vigorously stirred for 30 minutes, 
forming a cloudy cream-colored suspension of (presumably) AgBr particles.  5.6 mL of the 
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thiol BBT was added and the solution stirred for another 30 minutes in an ice bath, after 
which a solution of 3.8 g NaBH4 in 100 mL cold H2O (degassed with argon for 30 minutes in 
an ice bath) was added quickly with vigorous stirring and then stirred under argon for 1.5 
hours on an ice bath.  The clear aqueous phase was separated and discarded and the toluene 
phase dried by rotary evaporation at 25 oC.  The resulting black solid was covered with 
methanol and, after standing overnight in darkness, was collected on a medium porosity 
fritted glass filter and washed copiously with methanol.  The procedure typically yields 
approximately 1.8 g of AgBBT MPCs in the form of a fine black powder, which was 
determined by 1H NMR in CD2Cl2 to be free of excess thiol by the absence of sharp 
resonances thereof.  
    Prep B-AgBBT MPCs were synthesized using a modified version of the protocol 
employed by Murthy.27b  In this procedure, 165 mg AgNO3 and 330 mg Bu4NClO4 in 150 
mL ethanol and 365 mg NaBH4 in 100 mL ethanol were degassed with argon while under an 
argon blanket and simultaneously cooled to -78 oC in an acetone/dry ice bath for 30 minutes.  
3.6 mL degassed BBT were added to the NaBH4 solution at the point of agitation (by argon 
bubbling) to discourage freezing of the BBT.  The resulting solution was added quickly to the 
rapidly stirring AgNO3 solution, and an immediate color change from clear to bright yellow 
was observed.  The solution was magnetically stirred under vacuum, and the color of the 
solution changed slowly from yellow to dark brown over 90 minutes.  At this time, 2.8 mL 
degassed acetone were added to quench the reaction, and the solution was stirred an 
additional 30 minutes.  The solvent was removed by rotary evaporation at 25 oC, and the 
resulting dry black solid was covered with methanol and allowed to stand overnight in 
darkness.  The precipitated product was collected on a Millipore FH membrane (0.45 µm 
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pore diameter) and washed copiously with methanol.  The procedure typically yields 
approximately 40 mg of AgBBT MPCs in the form of a fine black powder, which was 
determined by 1H NMR in CD2Cl2 to be free of excess thiol by the absence of sharp 
resonances thereof.  
2.2.3 TEM.  510,000X images were obtained with a side-entry Phillips CM12 electron 
microscope operating at 100 kV and analyzed using Image J 1.34s software (available 
publicly online).  High-resolution (HR-TEM) images were obtained at 700,000X 
magnification with a Hitachi HF-2000 electron microscope operating at 200 kV.  Samples 
were prepared by casting and evaporating a droplet of MPC solution (2-3 mg/mL CH2Cl2) 
onto Formvar-coated Cu grids (400 mesh, Electron Microscopy Sciences).   
2.2.4 HPLC.  HPLC was done with a Waters 600 controller pump, Rheodyne 7725 
injection valve (50 µL sample loop), and Waters 996 PDA photodiode array detector, using 
two stainless steel columns (BDS Hypersil C8 stationary phase 250 x 4.6 mm i.d. and BDS 
Hypersil phenyl 150 x 4.6 mm i.d., both with 5 µm particles and 120 Å pore size, Keystone 
Scientific Operations) connected in series (C8 column first).  The mobile phase was 10 mM 
Bu4NClO4/CH2Cl2 with a flow rate of 0.7 mL/min.  The injected MPC solution (~0.1 mM in 
CH2Cl2) was pre-filtered with a 0.45 µm Nalgene syringe filter with a PTFE membrane.   
2.2.5 Electrochemistry.  Cyclic and square-wave pulse voltammetries were performed on 
0.1 to 0.3 mM solutions (degassed and blanketed with argon) of AgBBT MPCs in 0.1 M 
Bu4NClO4/CH2Cl2 using a Bioanalytical Systems 100B electrochemical analyzer.  The 
single-compartment electrochemical cell contained 1.6-mm diameter platinum working, 
platinum flag counter, and silver wire quasi-reference electrodes (QRE).  The working 
electrode was pre-cleaned by polishing with 0.05 µm alumina powder followed by potential-
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cycling in 0.1 M H2SO4 for ca. five minutes.  Silver stripping analysis was performed, when 
needed after potential-cycling in the AgBBT/Bu4NClO4/CH2Cl2 solution, by rinsing the 
working electrode with CH2Cl2 and immersing it in aqueous 0.1 M NaNO3. 
    Microelectrode voltammetry was done with platinum microdisks of radii 4.8, 26.2, and 
52.4 µm, on a 0.21 mM solution of Prep A-AgBBT and a 0.65 mM solution of Prep B-
AgBBT MPCs, in 0.1 M Bu4NClO4/CH2Cl2.  Solutions were serially diluted to obtain 
voltammetry at other concentrations.  The microdisk dimensions were verified by 
voltammetry of a ferrocene solution in 0.1 M Bu4NClO4/CH3CN electrolyte. 
2.2.6 Electronic Conductivity of AgBBT Film.  A film of AgBBT MPCs was dropcast 
onto an interdigitated array (IDA, Abtech Scientific, Inc., having 50 fingers, each 3000 µm 
long x 20 µm wide x 0.1 µm high, separated by 20 µm gaps) electrode.  Droplets of a 5 
mg/mL CH2Cl2 solution of MPCs were serially cast and evaporated until the IDA electrode 
fingers were thoroughly coated and no longer visible under the film, which was dried in 
vacuum for 24 hours.  Linear sweep current-potential (i-E) curves were obtained at room 
temperature with a home-built potentiostat, and electronic conductivities (σEL, Ω-1 cm-1) were 
calculated by multiplication of the slopes of the i-E curves by the IDA electrode cell constant 
(0.04 cm-1) given by the manufacturer. 
2.2.7 Other Measurements.  UV-Vis spectra in n-heptane were obtained with a Shimadzu 
UV-1601 UV-visible spectrophotometer.  Mass spectra were obtained, in positive-ion mode, 
with a Micromass TOFSPEC equipped with a 337-nm nitrogen laser (Laser Science, Inc., 
Newton, MA).  Thermograms were obtained with a Perkin-Elmer Pyris 1 thermogravimetric 
analyzer, from ~10 mg MPCs in an aluminum pan, by ramping the temperature from 30 to 
600 oC at 15 oC/min.  XPS spectra were obtained with a Kratos Analytical Axis Ultra 
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instrument with a hemispherical analyzer and Al Kα source.  The MPCs were evaporated 
from CH2Cl2 onto a clean glass slide coated with an evaporated gold film (all peaks 
referenced to Au 4f7/2 at 83.8 eV).30  1H NMR spectra were obtained using a Bruker 400 
MHz Avance spectrometer and CD2Cl2 as the solvent.  Powder X-ray diffraction data were 
obtained using a Rigaku Multiflex diffractometer with a Ni-filtered Cu Kα source operating 
at 40 kV and 40 mA. 
2.3 Results and Discussion 
2.3.1 Synthesis.    There are important differences between the usual6,29 Brust two-phase 
synthesis of gold MPCs, in which the phase transfer agent Oct4NBr acts to transfer AuCl4- 
into the organic phase, and the present one for Prep A-AgBBT MPCs, where the action of 
Oct4NBr instead invokes formation of a AgBr colloid.  That colloid evidently yields, upon 
BBT thiol addition, a silver-thiolate colloid that is subsequently reduced by borohydride.  
These details have not been systematically investigated, but provided the reduction step is 
conducted under argon, the procedure leads to AgBBT MPCs that are well-protected by 
thiolate ligand and lack any (appreciable) oxide component of the silver surface.  In contrast, 
the single-phase27b Prep B-AgBBT MPC synthesis yields MPC cores of a similar size but 
with distinctly different properties and a significant oxide content of the nanoparticle surface.    
    The behavior and properties of silver MPCs obtained by the single phase method depend 
strongly on the thiol employed. 4-Methoxy-α-toluenethiol and 4-methoxybenzenethiol did 
not yield useful MPCs.  Hexanethiol and phenylethanethiol produced poly-disperse (3-5 nm) 
MPCs that were unstable in chlorinated solvents (aggregating and decomposing within a few 
minutes) and lacked expected solubility in toluene.  The roughly cone-shaped, bulky p-
substituted BBT ligand produced access to rather small average silver core diameters and 
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good nanoparticle stability.  The detailed reason(s) for this preferential stability are unclear.  
However, the use of the BBT ligand and excluding oxygen during synthesis in the two-phase 
method were clearly important in leading to the small core size nanoparticles described 
below.   
2.3.2 Optical Absorbance.  Surface plasmon resonance (SPR) absorbance31 spectra of 
metal MPCs are sensitive to changes in core size, especially in the metal-to-molecule size 
range.  For silver nanoparticles, the SPR band intensity and wavelength depend10a,32 on size, 
being intense and sharp for larger nanoparticles (>2 nm) with λmax at ~420 nm, and at 
decreased (1-2 nm) core diameter becoming less intense, broadened, and shifted to lower 
energy. 
    UV-Vis spectra of both AgBBT preparations are shown in Figure 2.1.  The spectrum of 
Prep A-AgBBT MPCs (curve A) exhibits a broad SPR band at ~475 nm, which by being 
significantly red-shifted from 420 nm implies32c a small core diameter (~2 nm).  Strikingly, 
the spectrum of Prep B-AgBBT MPCs (curve B) shows no SPR band at all.  We believe this 
result reflects an amount of oxide33 coating on the MPC core surface (confirmed below by 
XPS) sufficient to disrupt the collective oscillation of the conduction-band electrons.  
Mulvaney32a described analogous damping of SPR by chemisorbed iodide.  The small band 
at ~420 nm in curve B may be due to a small population of larger, un-oxided MPCs.  
2.3.3 TEM and Powder XRD.  Figure 2.2 presents TEM images of silver MPCs and their 
corresponding core diameter histograms.  Samples of Prep A-AgBBT and Prep B-AgBBT 
MPCs give average core diameters of 2.1 ± 0.7 nm and 2.1 ± 0.9 nm, respectively, with Prep 
B-AgBBT being somewhat more poly-disperse.  The marginal resolution of the core edges, 
unavoidable with clusters this small, also contributes to uncertainty in the apparent average 
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Figure 2.1  UV-Vis absorbance spectra.  Curve A) Prep A-AgBBT; Curve B) Prep B-
AgBBT; normalized at 300 nm for comparison. 
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Figure 2.2  TEM images (scale bars = 20 nm) and core size histograms for Prep A-AgBBT 
(A) and Prep B-AgBBT (B) MPCs.   
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core diameter.  Some of the MPCs in both TEM images have cores which are substantially 
non-spherical, and the differences in contrast within the same core indicate that they are 
composed of multiple grains.  These non-spherical cores may be the result of aggregation, in 
which two or a few smaller cores have fused together.  The HR-TEM images in Figure 2.3 
show that the majority of the MPC cores are polycrystalline, both for spherical and non-
spherical cores. 
    Poly-crystallinity of silver nanoparticles has been seen previously by electron24a and X-ray 
diffraction (XRD).27b,34  Figure 2.4 (topmost curve) shows the powder X-ray diffractogram of 
a sample of Prep A-AgBBT MPCs; the lower diffractograms correspond to pure silver metal, 
AgO, and Ag2O.  The (111), (200), (220), and (311) planes of the silver face-centered cubic 
lattice in the MPCs are manifested as broadened peaks as compared to the narrow peaks of 
the silver metal diffractogram.  The broadening is attributable to the small size of the MPCs 
and to possible scattering by the BBT monolayer surrounding the silver core.  The poorly 
defined peaks at the lowest angles may arise from monolayer superlattice diffractions.35  
Importantly, the MPC diffractogram in Figure 2.4 bears little resemblance to those of AgO 
and Ag2O, implying a silver MPC core that is either unoxidized on its surface or bears too 
little oxide to be detectable by XRD.  This conclusion is supported by Figure 2.5, a lattice 
spacing analysis of HR-TEM images, yielding the information contained in Table 2.1.  
Application of the Scherrer equation36 to a rough deconvolution of the MPC (111) peak in 
Figure 2.4 yields an approximate core diameter of 1.5-2.9 nm, accounting for error 
contributed by peak asymmetry.  This range is in rough agreement with the TEM histograms 
(see Figure 2.2).  
2.3.4 Thermogravimetric Analysis.  The thermal decomposition of gold MPCs has been 
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Figure 2.3  HR-TEM images of Prep A-AgBBT MPCs. 
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Figure 2.4  X-ray diffractograms of Prep A-AgBBT MPCs (topmost curve), Ag metal, and 
Ag oxides.  Application of the Scherrer equation to a rough deconvolution of the Ag (111) 
peak in the Prep A diffractogram gives an approximate core diameter of 1.5-2.9 nm. 
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Figure 2.5  Fast Fourier transform analysis of lattice spacings in Prep A-AgBBT MPCs. 
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1.4
2.0
2.4
MPC core d
(Å)
---1.177222
1.6991.229311
---1.441220
2.7912.038200
2.7672.354111
Ag2O d (Å)Ag d (Å)hkl
Table 2.1  Fast Fourier transform lattice spacings
(d) for Prep A-AgBBT MPCs
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demonstrated29 to occur by dissociation of the thiolate ligands as volatile disulfides, leaving 
behind the core metal as the final mass.  This is an effective way to determine the organic 
ligand mass fraction of the MPC, which on assigning an average MPC core mass yields an 
average chemical formula for the MPC.  Figure 2.6 shows a thermogram representative of 
both Prep A-AgBBT and Prep B-AgBBT, which gives an average ligand monolayer mass 
loss of ca. 38%.  If one assumes, by analogy to results for gold,29 closed shell truncated 
octahedral cores of Agn(SR)m with n = 140, 225, and 314, and m = 53, 75, and 91,29 the 
anticipated organic mass losses should be 38, 36, and 32%, respectively.  The experimental 
organic mass is closest to a Ag140(BBT)53 formulation, but given the breadth of the TEM 
histogram, admits to the possibility of an appreciable Ag225 MPC population as well as 
smaller MPC sizes than Ag140.  We shall term Ag140(BBT)53 the average core composition, 
but with these caveats in mind.   
2.3.5 Mass Spectrometry.  High energy laser desorption-ionization mass spectrometry, 
although giving low mass resolution and provoking substantial ligand dissociation, has been 
important in estimations of MPC core masses.8b,37  This experiment was applied to Prep B-
AgBBT MPCs (but was unfortunately not available for Prep A-AgBBT MPCs).  Figure 2.7 
shows the positive ion mass spectrum of Prep B-AgBBT, where two main peaks are seen, at 
15.8 kDa and a smaller one at 28.2 kDa.  (The spectral fine structure is just noise, without 
any regular spacing as might be caused by different amounts of residual sulfur ligands.)  A 
mass of 15.1 kDa is expected for a 140-silver atom core, consistent with the larger m/z peak.  
The broadness of the spectrum in Figure 2.7 also would accommodate an underlying 24 kDa 
peak for silver MPCs with 225-atom cores.   
    The origin of the 28 kDa maximum is unclear; the implied 260-silver atom count is not a 
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Figure 2.6  Typical thermogravimetric weight loss curve for AgBBT MPCs. 
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Figure 2.7  Positive-ion LDI-TOF-MS mass spectrum of Prep B-AgBBT MPCs. 
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closed shell structure, at least for a truncated octahedral core geometry.29  Perhaps it is an 
aggregate of Ag140 and Ag116 cores (mass 27.6 kDa).   
2.3.6 Electrochemistry of AgBBT MPCs.  The electrochemical properties of silver MPCs 
have been relatively under-researched compared to those of gold MPCs.  Gold MPCs from 
Au38 to Au2257,8b,38 exhibit well-defined, sequential one-electron charging peaks, which for 
the larger versions follow quantized double layer (QDL) charging principles,7,38 and for the 
smaller MPCs exhibit a voltammetric pattern indicating coalescence of core molecular 
orbitals.  The sole report28 of silver MPC QDL is for surfactant-protected, surface-attached 
3.3 nm nanoparticles. 
    Figure 2.8 presents square-wave voltammetry of solutions of Prep A-AgBBT and Prep B-
AgBBT MPCs.  That for Prep A-AgBBT MPCs (top curve) shows a roughly evenly spaced 
progression of current peaks lying astride the PZC of the MPC (PZC = potential of zero 
charge).  The PZC is judged, as before,39 from the potential of the overall capacitance 
minimum.  The QDL charging of Prep A-AgBBT nanoparticles means that they have double 
layer capacitances so small that palpable shifts in potential occur for transfers of single 
electrons.  Figure 2.9, a plot of apparent core charge against potential spacing, gives an 
average spacing ∆V = 211 ± 53 mV, which is related40 to the capacitance CCLU for one-
electron double layer charging of the MPC by 
   CCLU = e/∆V       (1) 
where e is the electron charge (C).  This relation gives CCLU  = 0.79 ± 0.17 aF.  Assuming that 
the silver MPC producing the Figure 2.8 (top) voltammetry lacks molecularity, and applying 
the concentric sphere capacitor model,40a,b  
CCLU = 4πεε0(r/d)(r+d)     (2) 
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Figure 2.8  Square wave voltammetry of 0.3 mM Prep A-AgBBT (top) and Prep B-AgBBT 
(bottom) MPCs, in 0.1 M Bu4NClO4/CH2Cl2. 
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Figure 2.9  Square wave peak potentials versus apparent charge state for Prep A-AgBBT 
MPCs.  The slope gives an average peak potential spacing of 211 ± 53 mV. 
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where ε is the monolayer dielectric constant (ε = 4.7 for BBT thiol),41 ε0 the permittivity of 
free space, r the MPC core radius (m), and d the monolayer chain length (9.1 x 10-10 m), the 
ensuing estimate of r = 0.84 nm is comfortably consistent with the Figure 2.2 histogram and 
the 1.6-1.7 nm diameter expected for a Ag140 core.  
    An intriguing feature of Figure 2.8 (top) is that the current peaks flanking the PZC are 
separated by a somewhat larger spacing (ca. 320 mV) than the 211 mV average.  A barely-
emergent energy gap for the Prep A-AgBBT MPCs would cause such an effect, but so would 
a diffuse double layer contribution.42  Samples of much higher purity are required for a 
clearer evaluation. 
    A current background underlies the square-wave voltammetry QDL charging peaks of 
Prep A-AgBBT MPCs in Figure 2.8 (top).  The resolution of the QDL current peaks, relative 
to background, is similar to that seen in early40b studies of gold MPCs.  The underlying 
background currents are attributed to electron transfer charging of a mixture of other MPC 
core dimensions, analogous to previous experimental29,40c,43 and simulation40a,44 observations 
for poly-disperse gold MPCs.  
    In contrast, the square-wave voltammetry of solutions of Prep B-AgBBT MPCs (Figure 
2.8, bottom) shows a mostly featureless current continuum and no QDL charging peaks.  
Although Prep A-AgBBT and Prep B-AgBBT MPCs have similar average diameters and 
thiolate monolayer content, the absence of QDL charging peaks for the latter could possibly 
arise from the Ag140 MPC component simply being present in much lower population than in 
the Prep A-AgBBT MPC samples.  However, when one additionally considers the complete 
absence of a surface plasmon absorbance for Prep B-AgBBT MPCs (Figure 2.1), a more 
profound difference between the two MPC core-monolayer interfaces seems probable.  The 
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core of Prep B-AgBBT MPCs does not act as a discretely double layer chargeable, metal-like 
surface nor does it display the collective surface electronic oscillations characteristic of the 
plasmon resonance.  We propose that the presence of a partial oxide layer on the cores of 
Prep B-AgBBT MPCs is responsible for both behaviors.  The presence of a substantial 
oxygen content is shown by XPS elemental results (see below).  Bulk electrolysis45 of these 
MPCs in degassed Bu4NClO4/CH2Cl2 was not successful in removing the surface oxygen and 
regenerating QDL properties like those of Prep A-AgBBT MPCs.  
    Similar featureless voltammograms were observed for silver MPCs prepared (in both 
synthetic procedures) with other thiol ligands such as phenylethanethiol, hexanethiol, 
dodecanethiol, and 4-methoxy-α-toluenethiol. These ligands apparently do not serve to 
prevent oxidation of the silver core.  
    The small QDL charging peaks seen for Prep A-AgBBT MPCs in the square-wave 
voltammetry of Figure 2.8 (top) are scarcely visible in the (macroelectrode) cyclic 
voltammetry (CV) of Figure 2.10 (top), but the two most prominent square-wave 
voltammetry oxidation peaks, at ca. +0.23 and +0.50 V (ostensibly these are the Ag1402+/1+ 
and Ag1403+/2+ formal potentials), are readily seen in the CV.  Waves at these potentials are 
also seen in the CV (Figure 2.10, lower) of solutions of the Prep B-AgBBT MPCs.  For both 
MPCs, the corresponding reduction waves are absent on the reverse potential scan.    
    The wave at +0.50 V in the Figure 2.10 Prep B-AgBBT CV is a diffusion-controlled 
reaction of the MPCs, according to Figure 2.11, the linear plot46 of its peak current against 
[potential scan rate]1/2.  Diffusion-controlled MPC voltammetry of larger (5 and 11 nm) 
silver clusters has been reported previously.12,14  Aoki et al12 reported an oxidation wave at 
+1.1 V (vs. Ag/AgXO) and a reduction at -0.6 V for stearate-stabilized 5 nm silver MPCs in  
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Figure 2.10  Cyclic voltammetry of 0.3 mM Prep A-AgBBT (top) and Prep B-AgBBT 
(bottom) MPCs, in 0.1 M Bu4NClO4/CH2Cl2. 
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Figure 2.11  Peak current versus [potential scan rate]1/2 for Prep B-AgBBT MPCs.  Linearity 
implies a diffusion controlled process. 
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cyclohexane/CH3CN solvent.  CH3CN is a good coordinating solvent for Ag+ ions.  The 
oxidation current was >9-fold larger than the reduction and was assigned to (extensive) 
oxidation of the silver atoms in the core to Ag+.  The reduction current was assigned to 
reduction of the silver stearate protecting layer, leaving Ag0 on the working electrode.  This 
process is akin to reductive desorption47 of a self-assembled thiolate monolayer from Au 
(111). 
    The results in Figure 2.10, in a solvent (CH2Cl2) much less coordinating for Ag+, and for a 
thiolate-protected silver MPC, do not show the reported12 reduction step, and the oxidation 
steps appear at much less positive potentials.  Understanding the difference between these 
results, and between the Figure 2.10 Prep A-AgBBT and Prep B-AgBBT MPC voltammetry, 
is aided by evaluation of the effective value(s) of n, the number of electrons transferred per 
MPC in the Figure 2.10 oxidation waves.  The substantial background currents made doing 
this by coulometry unappealing, so we chose a microdisk electrode approach.  Microdisk 
limiting currents follow the relation46 
ILIM = 4nFrDC      (3) 
where F is the Faraday, C is MPC concentration (based on M.W. = 24600 g/mol), r is 
microelectrode radius (cm), and D = 2.6 x 10-6 cm2/s is the MPC diffusion coefficient 
(estimated previously48 by Taylor dispersion for similar sized gold MPCs).  The experiment 
necessarily entails the assumption of an average Ag140 composition and voltammetric 
behavior.  The microelectrode voltammetry of solutions of Prep A-AgBBT and Prep B-
AgBBT both show (Figure 2.12) a single broadened feature which is apparently an 
unresolved overlap of those seen in Figure 2.10.  Voltammetry taken using three 
microelectrodes (r = 5, 25, 50 µm) and at five different MPC concentrations gives plots of  
 56
 
 
 
 
 
 
 
 
 
 
 
Figure 2.12  Typical microelectrode voltammogram of 0.21 mM Prep A-AgBBT MPCs, in 
0.1 M Bu4NClO4/CH2Cl2.  Microelectrode voltammetry of Prep B-AgBBT MPCs results in 
similarly shaped voltammograms.  
 
 
 
 
 
 
 
 
 
 57
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
potential (mV vs. Ag QRE)
-600-400-200020040060080010001200
0.2 nA
 58
plateau current (at +0.8 V) vs. r at each concentration (Figure 2.13) that are reasonably linear, 
with slopes determining the values of n.  These determinations give n = 5.3 ± 1.0 and 2.1 ± 
0.2 electrons per MPC for the Prep A-AgBBT and Prep B-AgBBT MPCs, respectively.  
Comparing these numbers to Figure 2.8, the pattern of QDL peaks indicates that 3 and 
possibly 4 electrons should have been transferred for charging the double layers of the Prep 
A-AgBBT MPCs to the +0.8 V potential.  The microelectrode determination gives a larger n 
by 1-2 electrons.  The strong inference is that some electrode reaction in addition to the QDL 
charging processes must be occurring in the two oxidation waves prominent in Figure 2.10 
(and more prominent than other QDL charging features in Figure 2.8).  The n = 2.1 electron 
result for the Prep B-AgBBT MPCs is consistent with the same reaction occurring for them, 
noting that no obvious QDL charging peaks are involved in its voltammetry.  The nature of 
this parasitic reaction is unclear; it may be oxidation of a silver core site to a AgXO form or 
loss of 1-2 atoms from the core as dissolved Ag+.  The small number of electrons transferred 
does show, on the other hand, that unlike the previous study12 of stearate-stabilized large 
silver MPCs, the Figure 2.10 oxidation waves do not correspond to a massive dissolution of 
the silver cores of these nanoparticles. 
    Finally, we call attention to the small oxidation peak at -0.5 V in the Figure 2.10 Prep B-
AgBBT voltammogram.   This is a Ag0 stripping peak (sub-monolayer on the working 
electrode); a small amount of Ag+ becomes reduced from the MPC solution during the 
preceding negative potential scan.  (That it is Ag0 was shown by disconnecting the negatively 
potentiostated working electrode in the CH2Cl2 MPC solution, transferring it to an MPC-free 
aqueous 0.1 M NaNO3 solution, and conducting a stripping potential sweep.  No Ag0 
stripping is seen unless the electrode had been held at a reducing potential in the MPC 
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Figure 2.13  Microelectrode current at plateau potential (+0.8 V) versus microelectrode 
radius at different Prep B-AgBBT MPC concentrations. 
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solution.)  Whether the Ag+ reduced was an impurity in the sample or originated on the core 
itself is unknown, but by comparison of the Figure 2.10 -0.5 V current to that at +0.2 V, its 
extent is much less than one electron per MPC.    
2.3.7 Electronic Conductivity.  The electronic conductivity (σEL) of dry, cast films of Prep 
A-AgBBT and Prep B-AgBBT MPCs on IDAs was measured as ≈ 3.5 x 10-9 Ω-1cm-1 for both 
MPCs.  In contrast, non-mixed valent films49 of Au140(Shexyl)53 MPCs have a much larger 
σEL (~3 x 10-5 Ω-1cm-1), while those of Au38(SCH2CH2Ph)24 have a comparable σEL (6 x 10-9 
Ω-1cm-1).  The gold MPC conductivities are interpreted as reflecting the rates of electron 
hopping between neighbor MPCs, under the influence of an electrical gradient.  Electronic 
conductivity in the dry state depends both on activation barrier energies for the electron 
transfers between Au140+ and Au1400 and carrier population (such as the relative proportions 
of Au140+ and Au1400 charge states).  The barrier energy for electron hopping in mixed valent 
Au38+/Au380 is much larger than that for Au140; we hypothesized in a recent study49b that an 
inner sphere barrier energy term—possibly the lengthening of the polar Au-S bond in the 
Au38+ MPC—might be the reason.  Against this backdrop, possible reasons for the slow 
electron hopping in Prep A-AgBBT and Prep B-AgBBT MPC films are a low carrier 
population and/or an intrinsically slow electron transfer process with a large energy barrier.  
Barrier energies were not measured in the present study. 
2.3.8 X-Ray Photoelectron Spectroscopy.  XPS detects the elements present in an 
MPC29,50 sample and can semi-quantitatively determine their relative populations.  Figure 
2.14 shows spectra of the Ag and O binding energy regions for Prep A-AgBBT and Prep B-
AgBBT. In both spectra, the positions of the larger Ag 3d5/2 peaks are consistent with the Ag0 
metal binding energy (367.9 eV).30  The smaller peaks at ~370 and 376 eV for the Prep B- 
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Figure 2.14  XPS spectra of the Ag and O regions for Prep A-AgBBT (left) and Prep B-
AgBBT (right) MPCs. 
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AgBBT MPCs, and the much larger O 1s peak, suggests some core metal oxidation 
manifested as Ag2O, as seen previously50 with other silver nanoparticles.  The higher binding 
energy Ag 3d5/2 peaks are notably absent in the Prep A-AgBBT spectrum, and the O 1s signal 
is very small, barely above background.  O:Ag atomic ratios from these spectra are presented 
in Table 2.2.  The oxygen content in the Prep A-AgBBT MPCs amounts at most to a few 
atoms per average Ag140 core.  The large O:Ag ratio for Prep B-AgBBT MPCs implies 
significant core oxidation, confirming the reason for the lack of QDL charging.  The XPS 
result suggests ca. 70 oxygen atoms per average Ag140 core, equivalent to a complete 
monolayer.  The HPLC separation below shows that oxygen content is not necessarily evenly 
distributed among the MPCs, so some may be very highly oxidized and some less so. 
    The correction factor used in Table 2.2 is an exponential term dependent on the electron 
escape depths and attenuation length and is applied to the original ratio equation (Table 2.2 
footnote b) to give  
IS0/IAg0 = IS/IAgexp((dS-dAg)/λ)      (4) 
where IS0/IAg0 is the corrected ratio, IS/IAg is the uncorrected ratio, d is the electron escape 
depth (Å), and λ is the electron attenuation length (Å).  λ is approximately 90% 51 of the 
electron inelastic mean free path (IMFP), which is given by 52  
IMFP = [(3.117(0Χv)+0.4207Nrings)/Nnon-H](E)0.79     (5) 
where 0Χv is a factor determined by a numbering system applied to the monolayer molecule 
of interest (BBT), Nrings is the number of rings in the monolayer molecule, Nnon-H is the 
number of non-hydrogen atoms in the monolayer molecule, and E (keV) is the photoelectron 
energy calculated by subtracting the energy of the Ag 3d5/2 peak from the Al Κα source 
energy. 
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a Based on Ag140BBT53.  b Calculated as IO/IAg = (AO/σO)/(AAg/σAg), 
where A is the peak area and s is the elemental cross section.  c The 
correction factor depends on electron escape depths and attenuation 
length.
0.510.04correctedc
0.580.05calculatedb
00theoreticala
Prep B-AgBBTPrep A-AgBBTO:Ag ratio
Table 2.2  O:Ag elemental ratios in AgBBT MPCs
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2.3.9 HPLC.  Chromatographic separation of MPCs is a useful tool53 to analyze sizes and 
for separation of MPCs by core size and monolayer polarity.37a,38,54  Figure 2.15 (top) is a 
representative chromatogram of Prep A-AgBBT MPCs; two well-shaped peaks are visible 
between two smaller peaks and severe tailing.  The UV-vis spectra (Figure 2.15, bottom) of 
these peaks clarify the presence of two dominant MPC populations in the sample. The peaks 
a and b spectra are reminiscent of that of Prep B-AgBBT (see Figure 2.1), whereas a red-
shifted SPR band appears in the spectra of peaks c and d.  This separation shows that Prep A-
AgBBT MPC samples contain some oxidized MPCs (notably peak b) and a large population 
of unoxidized MPCs (notably peak c).   
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Figure 2.15  HPLC chromatogram (top) and corresponding UV-vis absorbance spectra 
(bottom) of Prep A-AgBBT MPCs.  Spectra normalized at 300 nm for comparison; the noisy 
peak a and d spectra are due to the low absorbance of their peaks.   
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CHAPTER 3 
 
ASSEMBLY AND PHYSICAL AND ELECTRONIC PROPERTIES OF DITHIOL-
LINKED MONOLAYER PROTECTED GOLD CLUSTER FILMS 
 
3.1  Introduction 
    Monolayer protected metal clusters (MPCs) are chemically interesting species because of 
their small size and because their resulting behavior1 can be different from that of bulk 
metals.  MPCs are protected from core aggregation typically by thiolate ligands, allowing 
them to be dissolved into solutions and re-dried without change in size or structure, and they 
possess additional functionality due to their ability to be incorporated into two- and three-
dimensional structures.  Among the possible structures are nanowires, self-assembled 
monolayers (SAMs), and multilayer films.  The structures can be assembled using many 
different procedures and can be reasonably tailored in terms of their thicknesses and optical 
and conductive properties.  The properties and characteristics of multilayer films have been 
the most extensively studied, but our understanding of these films remains somewhat limited.  
The properties of interest include, among others, the chemical and physical mechanisms of 
assembly, their structural makeup as it pertains to the arrangement of the cores and the 
inevitable defects therein, and the mechanism of electron transport through the films.  MPC 
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films have interest due to their possible applications as sensors,2 surface-enhanced Raman 
substrates,3 and conductive coatings. 
    Gold MPCs are the most explored due to their ease of synthesis and their optically and 
electrochemically interesting properties.  Our laboratory is experienced in the synthesis4 of 
MPCs with an average of 140 gold atoms in the core (Au140) and 53 alkanethiolate protecting 
monolayer ligands.  The alkanethiolate ligands are abbreviated as Cx (i.e. AuCx) where x is 
the number of carbons in the monolayer alkanethiolate chain.  There are many different ways 
of assembling films using these MPCs.  The simplest involves casting sequential drops of a 
solution of MPCs onto a surface and allowing the solvent to evaporate, leaving a dry film in 
which the cores remain separate and unlinked.  Film thickness can be controlled by the 
number of drops of solution applied to the substrate.  Limitations of this method include 
cracking upon drying and irregular film topography (ridges/rings) caused by evaporation 
effects.  The latter is commonly referred to as the Marangoni effect5 and is difficult to 
eliminate even with controlled evaporation.  An extension of the dropcasting method makes 
use of an artist’s airbrush to aspirate a fine MPC solution aerosol onto a surface.6  A more 
evenly distributed coating of MPCs can be achieved, and film thickness is more readily 
controlled.  Airbrushing results in a smoother topography to the naked eye, but optical and 
scanning electron microscopies reveal the same evaporation rings,6 albeit much smaller, that 
are seen in dropcast films.   
    Films consisting of unlinked MPCs can be washed away with any solvent that dissolves 
the MPCs, and more rigid and robust films require that the MPCs be linked together through 
bonds formed between different cores by bifunctional ligands, or between functionalized 
ligands.  Linking ligands include carboxylates used for hydrogen-bonding7 and combined 
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with metal ions2a,8 and α,ω-alkyl2b,9 and aryl10 dithiols.  This chapter will focus on the 
assembly and properties of Au140 MPC network-polymer films linked with α,ω-
alkanedithiols (abbreviated AuCx/Cy where x and y are the number of carbons in the non-
linking alkanethiolate and linking (dithiol) ligands, respectively) and will compare them with 
differently linked films.  
3.2 Experimental Section 
3.2.1 Chemicals.  Tetraoctylammonium bromide (Oct4NBr), toluene, sodium borohydride, 
pentanethiol, hexanethiol, heptanethiol, absolute ethanol, acetonitrile, 2-propanol, (3-
mercaptopropyl)trimethoxysilane (MPTMS), 1,8-octanedithiol, 1,9-nonanedithiol, 1,10-
decanedithiol, n-heptane, and methanol were purchased from commercial sources and used 
as received.  HAuCl4.xH2O,11 triethylene glycol dithiol (TEG), and poly(ethylene glycol) 
(PEG, M.W. 400) dithiol12 were synthesized according to literature procedures.  Water was 
purified using a Barnstead water purification system. 
3.2.2 Au140 MPC Synthesis.  Au140 MPCs were synthesized according to a modified Brust 
procedure as previously described.4,13  Briefly, 3.37 g HAuCl4.xH2O in 100 mL water and 
5.47 g Oct4NBr in 100 mL toluene were mixed (solution A) and magnetically stirred for 30 
minutes.  Meanwhile, 3.74 g NaBH4 in 100 mL cold water (solution B) was put in an ice bath 
and degassed with argon for 30 minutes.  The aqueous phase was discarded from solution A 
using a separatory funnel, and a 3:1 (thiol:gold) stoichiometric amount of the desired thiol 
was added to the toluene phase.  This solution (solution C) was allowed to stand for 10 
minutes until the color changed from ruby red to cloudy white and was then placed in an ice 
bath for 30 minutes.  Solution C was added to a rapidly stirring solution B while 
continuously degassing B with argon.  An immediate color change to black indicated the 
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formation of MPCs, and this solution was stirred in an ice bath for 30 minutes.  The aqueous 
phase was discarded using a separatory funnel, and the toluene was removed from the 
organic phase by rotary evaporation at 25 oC.  The remaining thick black liquid was covered 
with absolute ethanol and allowed to stand in darkness for 24 hours, during which time most 
of the MPCs precipitated (ethanol insoluble), leaving a smaller fraction in solution (ethanol 
soluble).  The ethanol insoluble fraction was gathered on a medium porosity fritted glass 
filter, and the ethanol was removed from the soluble fraction by rotary evaporation at 25 oC.  
Each of these fractions was cleaned of excess thiol by stirring in acetonitrile for 45 minutes, 
filtering, and washing with copious amounts of acetonitrile.  Typical yields are about 250 mg 
ethanol soluble MPC and 1 g ethanol insoluble MPC.  The MPCs were characterized 
spectrophotometrically4 (UV-visible absorption) and voltammetrically1a (Osteryoung square 
wave) and exhibited characteristics typical of Au140 MPCs. 
3.2.3 Substrate Preparation.  Interdigitated array (IDA) electrodes (Microsensor Systems, 
Inc., having 50 fingers, each 4800 µm long x 15 µm wide x 0.1 µm high separated by 15 µm 
gaps) were assembled by attaching wire leads to the gold contact pads using silver epoxy 
(EPO-TEK, Billerica, MA) and then curing for 24 hours at ~100 oC.  An insulating layer of 
Torr Seal (Varian Vacuum Technologies, Lexington, MA) was then applied and cured for 24 
hours at ~100 oC.  The IDA electrodes and glass slides (for absorbance measurements) were 
cleaned by immersion in piranha solution for 10 minutes (WARNING: Piranha solution 
reacts violently with organic compounds—use caution!) and rinsed with water, absolute 
ethanol, and 2-propanol.  The substrates were then silanized by exposure to a nearly refluxing 
solution of 1 mL MPTMS in 50 mL 2-propanol plus 1 mL water for 90 minutes followed by 
curing at ~100 oC for 90 minutes.  Adhesive masks were affixed to the slides (Figure 3.1),  
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Figure 3.1  Cartoon of a glass slide with masks for profilometry measurements.  The full 
mask on side B prevents film growth on that side. 
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totally covering one side to prohibit film growth on that particular side and covering a small 
area (2 x 2 mm) at one end of the other side to provide an unmodified area for a profilometric 
baseline. 
3.2.4 Film Assembly.  Network-polymer films were grown using three different protocols:   
    Protocol 1:  Dithiol SAMs, known14 to arrange with one thiol group bonded to the surface 
and one protruding at the outer edge of the SAM, were formed on the gold substrates from a 
30 minute exposure to a 0.15 M dithiol/n-heptane solution.  (Glass substrates were silanized 
with MPTMS to provide the protruding thiol group.)  The substrates were rinsed with n-
heptane and then immersed in a 2 mg/mL Au140 MPC/n-heptane solution for 30 minutes after 
which time they were again rinsed with n-heptane.  (Ethanol insoluble MPCs were used for 
all protocols because their greater polydispersity allows for faster and consequently thicker 
film growth while maintaining QDL charging characteristics.  This growth efficiency was 
required due to the large amount of MPCs needed for each fresh solution.)  This succession 
of steps constitutes a “dip cycle.”2a,8  After each dip cycle, a UV-vis absorbance 
measurement was taken to qualitatively monitor the film thickness.   
    Protocol 2a:  Dithiols were place-exchanged15 onto Au140 MPCs prior to film growth by 
adding 3 µL dithiol to 10 mL of a 2 mg/mL Au140 MPC/n-heptane solution and stirring in 
darkness for 60 minutes.  Three successive liquid-liquid extractions9a were then performed to 
remove excess dithiol.  The solution was transferred to a separatory funnel, to which 30 mL 
n-heptane and 50 mL methanol were added.  (Methanol and n-heptane are immiscible, and 
the dithiol is soluble in methanol.)  The methanol (containing unexchanged dithiol) was 
discarded, and the remaining MPC/n-heptane solution was evaporated to a volume of ~10 
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mL.  The substrates were immersed in this solution and allowed to stand in darkness for 24 
after which time they were rinsed with 2-propanol and dried with argon.   
    Protocol 2b:  Films were grown by immersing the substrates in 10 mL of a 2 mg/mL Au140 
MPC/n-heptane solution to which 10 µL dithiol had been added (no liquid-liquid 
extractions).  The substrates were allowed to stand in this solution for 24 hours after which 
time they were rinsed with 2-propanol and dried with argon. 
    Protocol 3:  These films were grown in the same manner as in Protocol 2b but with one 
major difference.  The films were only allowed to grow 90 minutes before being removed 
and rinsed with 2-propanol.  A new growth solution was then prepared and the substrates 
immersed for 90 more minutes. 
3.2.5 Film Characterization.  Film thicknesses were obtained with a Tencor Alpha-Step 
100 surface profilometer.  Optical absorbance spectra were obtained with a Shimadzu UV-
1601 UV-visible spectrophotometer.  The absorbance at 520 nm was converted into a surface 
coverage (Γ, mol/cm2) based on the MPC extinction coefficient (4 x 108 cm2/mol at 520 
nm).2a  Γ values were combined with film thicknesses to yield spatial MPC concentrations 
(C, mol/cm3).  Average core center-to-center distances (δ, cm) were obtained using C = NAδ3 
where NA is Avogadro’s number.  Linear sweep current-potential (i-E) curves were obtained 
at room temperature with a home-built potentiostat, and electronic conductivities (σEL, Ω-
1cm-1) were calculated by multiplication of the slopes of the i-E curves by the IDA electrode 
cell constant16 (6.3-33 cm-1).  The cell constant is dependent on the film thickness (when 
thickness < finger height) and is defined as the finger gap divided by the total finger area 
(parallel faces) contacted by the film.  The fingers are treated as true parallel plate electrodes 
for film thicknesses greater than the finger height.  For temperature-dependent σEL 
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measurements, temperature control was maintained with an evacuated, liquid N2-cooled 
VPF-475 cryostat (Janis Research Company, Inc.) and a Lakeshore 330 Autotuning 
Temperature Controller.  Measurements were taken after equilibrating for 25 minutes at each 
temperature. 
3.3 Results and Discussion 
3.3.1 Criteria for Using Protocols.  As previously mentioned, network-polymer films 
have a distinct structural advantage over unlinked films.  Figure 3.2 depicts SEM images of 
an airbrushed film and a dithiol-linked film (Protocol 2b) on IDA electrodes.  The airbrushed 
film, noticeably more discontinuous, is littered with rings formed when the tiny droplets of 
solvent evaporate, whereas the linked film is much more topographically smooth and 
homogeneous.  The structure of a linked MPC film is an important property because it 
determines and affects the optical and conductive properties of the film.  The assembly, or 
“growth,” of a dithiol-linked MPC film, a process made possible by the strong affinity of the 
thiol group to gold as well as the dual functionality of the dithiol, relies on the place-
exchange15 ability of MPC ligands. 
    Most of the films in this work were grown using Protocol 2b on the basis of important 
criteria for the best and most efficient film growth method, presented in Table 3.1.  First, it is 
preferred to use the least amount of MPCs possible because it is desirable to be able to grow 
multiple films from each synthetic batch.  Second, the time required for and the ease of 
preparing the MPC and/or other solutions should be short so as to minimize idle time and 
unwanted chemical alteration of the MPCs before film growth.  Third, in contrast to the 
minimal preparation time, the time required for the actual growth is not as important.  A 
process that requires no monitoring and changing of solutions is preferred, so the non-  
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Figure 3.2  SEM images of airbrushed (top) and dithiol-linked (bottom, grown with Protocol 
2b) Au140 MPC films on IDA electrodes.  The film thicknesses are 10 and 24 nm, 
respectively.  The lighter-colored strips are the gold fingers. 
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Table 3.1  AuCx/Cy Film Growth Protocol Parameters
90 min/cycle
overnight
overnight
1 hr/cycle
growth time
500 Å/cycle
1000 Å
1000 Å
25 Å/cycle
typical 
thickness
minutesmultiple3
minutesone2b
hoursone2a
minutesone or multiple1
prep time# MPC solutionsprotocol
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cyclical procedures are desirable.  Finally, it stands to reason that the most efficient method 
would produce the highest film thickness for the amount of MPCs used. 
    Protocol 2b is not used without concerns, however.  The main concern with this one-pot 
method is that the order of exchange and deposition and the degree to which MPC 
crosslinking occurs are unpredictable.  Because of the large excess of dithiol (compared to 
the number of original monolayer ligands), it is uncertain whether the dithiols link the MPCs 
to each other and to the surface simultaneously or whether they crosslink the MPCs into 
oligomeric species and then attach these newly formed oligomers to the surface.2a,8b  
Although SEM shows no obvious defects in these films (see Figure 3.2), the possibility exists 
that voids,9b presumed to be a result of clumping of individual MPCs, are present in the films 
formed using this procedure.  These voids can promote alternative electron tunneling 
pathways commonly considered in percolation theory.17  While it is assumed that cyclical 
(layer-by-layer) film growth produces more organized films simply by the meticulous nature 
of the assembly procedure, the fact remains that linkers, whether they are metal ions or 
dithiol ligands, may relocate2a or re-exchange, respectively, during growth, so that defects are 
surely present with both methods. 
3.3.2 Precipitation of MPCs During Film Growth.  Using Protocol 2b, we have seen that 
significant precipitation of linked MPCs occurs during film growth, as evidenced by a thick 
layer of material on the bottom of the container.  A face-down substrate orientation ensures 
that gravity will not play a role in film formation, as the oligomers that are large enough to 
precipitate from solution simply drop downward to the bottom of the container.  
    Agitation of the MPC/dithiol solution during film growth was studied as a possible 
solution to promote faster exchange and reduce precipitation.  In this experiment, UV-vis 
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optical absorbance spectroscopy was used to analyze Au140(SC5H11)53 MPC/octanedithiol/n-
heptane solutions (no substrates) at selected time intervals during film growth.  Figure 3.3 is 
a plot of optical absorbance versus elapsed time for two growth solutions, one agitated by 
bubbling n-heptane-saturated argon gas and one remaining stagnant.  Two points can be 
made regarding this plot.  First, the two curves lie very close to one another; therefore, 
agitation does not significantly change the rate of precipitation.  Second, only about 40% of 
the initial MPCs leave the solution, either by precipitation or by film formation on the 
container walls, in the first 200 minutes, indicating that even after long times, most of the 
MPCs remain in solution and available to incorporate into the film. 
    The presence of aggregates caused by fusion of MPC cores was ruled out by observing the 
cyclic voltammetry of films grown on IDA electrodes.  Figure 3.4 contains the cyclic 
voltammograms of unlinked MPCs in solution and the linked film.  The quantized double 
layer charging peaks normally seen for unlinked Au140 MPCs remain visible when the MPCs 
are crosslinked into the film.8a,c,9c  These peaks are smaller but would not appear at all if the 
MPC cores had aggregated into larger cores. 
3.3.3 Film Growth vs. Time and Dithiol Concentration.  The growth of the films was 
studied as a function of time in solution and of dithiol concentration.  The rate of growth with 
time was monitored using films grown with different protocols.  Figure 3.5 is a plot of film 
thickness versus growth time for a film grown (Protocol 2a) on a glass slide.  The overall 
thickness is low because of a low dithiol concentration used in the place-exchange reaction, 
an effect observed previously in films grown with low linker loadings.2a  However, the shape 
of the curve is the important factor.  As we have seen before,2a the film growth levels off 
with time, indicative of the depletion of the MPC concentration in solution caused by  
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Figure 3.3  Optical absorbance for stagnant and agitated AuC5 MPC/octanedithiol solutions 
versus time.  The data point at time = 0 was obtained prior to addition of dithiol. 
 
 
 
 
 
 
 
 
 
 
 88
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
elapsed time (min)
0 50 100 150 200 250
no
rm
al
iz
ed
 a
bs
or
ba
nc
e 
(@
 5
20
 n
m
)
0.5
0.6
0.7
0.8
0.9
1.0
1.1
stagnant
agitated
 89
 
 
 
 
 
 
 
 
 
 
Figure 3.4  Square wave voltammetry of AuC5 MPCs (top, in 0.1 M Bu4NClO4/CH2Cl2 with 
1.6 mm diameter Pt working, Pt flag counter, and Ag wire quasi-reference electrodes) and 
AuC5/C10 film (bottom, in 0.1 M Bu4NClO4/CH2Cl2 using both sets of IDA electrode 
fingers as working electrode, Pt flag counter, and Ag wire quasi-reference electrodes). 
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Figure 3.5  AuC5/C8 film thickness versus growth time (film grown on glass slide) using 
Protocol 2a.  The thickness reaches a plateau at long times due to precipitation of crosslinked 
MPCs.  The low total thickness is due to a lower initial dithiol concentration. 
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crosslinking and subsequent precipitation as discussed above.  This is also proven by the fact 
that, disregarding the time scales, this curve is an inverted reflection of the curves shown in 
Figure 3.3.   
    Figure 3.6 shows how the film thickness trends with the number of growth cycles for a 
film grown on a glass slide using Protocol 3.  The film was assembled in ~100 minute cycles, 
changing to a fresh MPC/dithiol solution for each cycle.  The cycles were kept short enough 
so that the film thickness increases linearly with time, i.e. the growth rate only levels off at 
much longer times.   
    The film in Figure 3.7 was grown on a glass slide using Protocol 3 but over ~72 hours, 
changing solutions every 24 hours.  The leveling effect seen in Figure 3.5 is certainly present 
during these long growth times but is not observed when measuring only the final thickness 
at the conclusion of each growth period.  The linearity of the plot means that the same film 
thickness is deposited during identical time intervals, demonstrating the reliability and 
reproducibility of the film growth reaction as a whole. 
    To study the effect of dithiol concentration on film growth, four different AuC5/C8 films 
were grown with ratios of 1:1, 0.75:1, 0.5:1, and 0.25:1 (C8 dithiol):(C5 ligand).  The films 
were grown in two stages over ~48 hours using Protocol 2b for both stages.  Figure 3.8, the 
plot of film thickness versus (C8 dithiol):(C5 ligand), shows that while the higher dithiol 
concentration does produce a thicker film, the difference in overall thickness is not extreme 
(~30 nm), even with up to a four-fold difference in dithiol concentration.  These films grow 
at very appreciable rates regardless of the presence of a ligand excess of dithiol, reaffirming 
the completeness of this reaction. 
3.3.4 Characterization and Properties.  Properties of these films such as conductivity and 
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Figure 3.6  AuC5/C8 film thickness versus number of growth cycles (film grown on glass 
slide) using Protocol 3.  The duration of each cycle was ~100 minutes.  The linearity implies 
that equal thicknesses were deposited with each cycle and that significant precipitation due to 
crosslinking was averted by maintaining fresh MPC/dithiol solutions. 
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Figure 3.7  AuC6/C10 film thickness versus number of growth cycles (film grown on glass 
slide) using Protocol 3, analogous to Figure 3.6 except that the duration of each cycle was 
~24 hours.  Linearity corresponds to equal thicknesses deposited with each cycle. 
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Figure 3.8  AuC5/C8 film thickness versus dithiol-to-ligand ratio (film grown on glass 
slide).  The film was grown in two 24-hour stages using Protocol 2b for each stage.   
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rate of electron transfer depend on the film structure.  For example, linkers with different 
chain lengths affect the average distance between the MPC cores.  This average spacing can 
be determined by combining UV-vis absorption spectroscopy and profilometry 
measurements with the necessary assumption2a that the MPCs are arranged in a geometrically 
consistent cubic lattice formation.  As the film is assembled, its optical absorbance increases 
linearly due to increasing thickness, seen in Figure 3.9.  The linearity corresponds to the 
addition of an equal quantity of MPCs to the film with each dip cycle.  A surface plasmon 
resonance band arises near 500 nm due to the close proximity2a,8d,18 of the MPC cores in the 
film, and the gradual increase in absorbance at high wavelengths can be attributed to optical 
scattering by the film.   
    Table 3.2 contains the average center-to-center spacings (δ) between cores for films linked 
with a variety of dithiols (grown using Protocol 2b).  The expected trend, the increase of δ 
with increasing dithiol chain length, is observed, as is the magnitude of the increase.  
Although the film thicknesses are different, δ is not affected.  The most striking fact from 
these data is the large discrepancy between the observed and predicted δ for each dithiol.  
The predicted δ values are calculated based on a fully extended dithiol linking ligand 
conformation and taking into account an average core radius of 0.8 nm.  That the observed δ 
values are less than these amounts implies some contortion of the linking ligands, brought 
about by interdigitation2a,7,8d,16a,19 of the non-linking monolayer ligands as a result of 
significant van der Waals attractions occurring between MPC monolayers, as pictured in 
Figure 3.10.  This phenomenon occurs to a greater extent here than in dropcast films where 
the MPCs are unlinked.  The addition of a dithiol linker restricts the spatial orientation of the 
MPCs with respect to each other and forces the MPCs to adapt to this restriction by slight  
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Figure 3.9  Optical measurements of AuC6/C10 film grown on glass slide using Protocol 1.  
The absorbance spectra for the first 10 dip cycles (top) and the absorbance at 400 and 520 nm 
for each of the first 15 dip cycles (bottom) are shown. 
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a assuming fully extended dithiol chains  b PEG400 dithiol  c carboxylate-
metal ion bridging complex, MUA = mercaptoundecanoic acid  d dropcast 
from MPC solution  e assuming full interdigitation
2.5e2.65 x 103C6/unlinkedd
4.7 + ion3.560C6/MUAc
5.42.719C6/PEGb
3.22.5328C5/C10
3.02.4296C5/C9
2.92.4202C5/TEG
2.92.3284C5/C8
predicted 
spacinga (nm)
center-center 
spacing (nm)thickness (nm)Cx/Cy
Table 3.2  Core center-center spacings for AuCx/Cy films
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Figure 3.10  Cartoon depicting MPC monolayer ligand interdigitation. 
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deformations of the monolayer (occurring in solution during growth) in order to achieve the 
lowest energy state. 
    Monolayer ligand interdigitation was further explored using films (grown using Protocol 
2b) consisting of MPCs surrounded by monolayers of different chain lengths.  The MPCs 
were linked with the same dithiol, and the results are shown in Table 3.3.  The observed δ 
values do not differ much because the films contain the same linker.  However, it is again 
seen that the observed δ is less in each case than the predicted.  The heptanethiol monolayers 
interdigitate to the greatest extent followed by the hexanethiol and pentanethiol monolayers.  
The presence of voids9b in the films is also expected to have an effect on these results, but the 
magnitude of this effect is difficult to quantify given the random nature of their appearance 
associated with the mechanism of film growth. 
3.3.5 Film Electronic Conductivity.  Due to the small size and the inherent sub-aF 
capacitance of their constituent MPCs,1a network polymer films conduct electrons not as bulk 
metal conductors but via a bimolecular electron hopping mechanism.16a  The pathways over 
which these transfers take place are variable, depending on the ligands (linking and non-
linking) surrounding the cores.  When a dry, undoped (non-mixed valent) film on an IDA 
electrode is biased at any voltage (between -0.5 and +0.5 V), electrons move along these 
pathways, and a current-potential (i-E) curve like that in Figure 3.11 is generated.  The 
straight-line ohmic response arises from the fact that there is no movement of the MPCs in 
the film that would contribute to hysteresis (manifested as a capacitive current envelope) in 
the observed response.  The slope of the i-E curve is converted16a into an electronic 
conductivity (σEL, Ω-1cm-1) using a cell constant that is dependent on the geometrical 
configuration of the IDA electrode.  For thin films (thickness < finger height), the cell 
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a assuming fully extended dithiol chains
3.42.62207
3.42.42626
3.42.43285
predicted 
spacinga (nm)
center-center 
spacing (nm)thickness (nm)x
Table 3.3  Core center-center spacings for AuCx/C10 films
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Figure 3.11  Typical i-E curve for a dry dithiol-linked Au MPC film on an IDA electrode.  
Potential is measured as one set of fingers versus the other set. 
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constant is calculated based on the area of the fingers contacted by the film.  For films of 
thickness greater than but still close to the finger height (i.e. less than about 0.5 µm), the 
maximum finger area (parallel faces) is used.  The conductivity can be converted16a into a 
pseudo-first order rate constant (kET, s-1) by 
kET = 6RTσEL/10-3F2δ2C     (1) 
where δ (cm) is the average center-to-center spacing between the MPC cores and C 
(mol/cm3) is the carrier concentration.  The carriers are holes or electrons that are inherent in 
an “as prepared” batch of MPCs, and their concentration is assumed to equal the MPC 
concentration when the mixed valent state of the MPCs has not been electrochemically 
defined.2a 
    It has been shown2a that linking MPCs together slows the rate of electron transfer, so the 
question of whether electron hopping occurs through the linking or non-linking ligands is an 
interesting one.  We have found2a,8d,19a that most of the hopping seems to occur through the 
non-linking ligands in films with metal ion/carboxylate linkages.  This issue is explored here 
using dithiol-linked films.  Table 3.4 contains the σEL and kET data for the films made from 
MPCs with different non-linking ligands (see also Table 3.3).  σEL and kET increase as the 
chain lengths of the non-linking ligands decrease; however, the increase is not quite as 
drastic as in previous metal ion/carboxylate-linked films.19a  This suggests that the linking 
ligands play more of a role in electron hopping in dithiol-linked films.  When electrons hop 
from core to core in the film, the easiest (i.e. lowest barrier energy) pathways are preferred.  
When examining both varieties of linkages, two obvious differences are apparent.  First, the 
metal ion/carboxylate bridging moiety is much longer (22 methylene units plus a metal ion) 
than the dithiol linker (maximum 10 methylene units).  Second, the metal ion/carboxylate 
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3.7 x 1061.6 x 10-52.67
2.8 x 1071.2 x 10-42.46
6.3 x 1072.8 x 10-42.45
kET (s-1)σEL (Ω-1cm-1)center-center spacing (nm)x
Table 3.4 Conductivity and electron transfer rate data for 
AuCx/C10 films
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bridge relies on two electrostatic bonds while the dithiol linker is merely a chain of 
methylene units covalently bonded to the gold core on both ends.  From the point of view of 
a hopping electron, since this hopping can occur to an appreciable extent through the non-
linking ligands (unlinked films demonstrate conductivity), a dithiol linker is a smaller 
disturbance because it structurally mimics this kind of pathway.   
    Table 3.5 contains the σEL and kET data for the films linked with different dithiols (see also 
Table 3.2).  The changes in σEL and kET here are more drastic than in the previous data (Table 
3.4).  In terms of the alkanedithiol linkers, it is logical that the most highly conductive film 
possesses the shortest linker because this allows the conducting gold cores to be closer 
together.  However, the nonane- and decanedithiol-linked films show a reversal of the 
expected trend.  At present, the reason for this is unknown.  The addition of the triethylene 
glycol (TEG) and PEG dithiol linkers significantly impacts σEL.  TEG dithiol is 
approximately equal in length to octanedithiol, but the σEL of the film decreases by ~100 
times, whereas the PEG dithiol film is almost nonconductive by comparison.  Changing the 
linkers from alkanedithiols to nEG dithiols not only alters their chemical composition but 
also their polarity and consequently the extent to which they experience the van der Waals 
interactions that so greatly contribute to the film structure.  That this change, albeit radical, 
influences σEL in these films implies some degree of electron hopping through the linking 
ligands, perhaps more so than through the non-linking ligands.  Totally removing the linking 
ligands has the opposite effect on the σEL, and therefore, since linked films are much less 
conductive than dropcast films of unlinked MPCs, it follows that the addition of dithiol 
linkers somewhat impedes electron hopping.   
3.3.6 Temperature-Dependent Conductivity.  The conductive properties of MPCs differ 
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a PEG400 dithiol  b carboxylate-metal ion bridging complex, MUA = 
mercaptoundecanoic acid  c dropcast from MPC solution
1.5 x 1071 x 10-42.6C6/unlinkedc
1.7 x 1062.6 x 10-53.5C6/MUAb
1.14.4 x 10-122.7C6/PEGa
4.3 x 1047.7 x 10-72.5C5/C10
6.6 x 1033.0 x 10-82.4C5/C9
6.0 x 1032.7 x 10-82.4C5/TEG
1.4 x 1066.4 x 10-62.3C5/C8
kET (s-1)σEL (Ω-1cm-1)center-center spacing (nm)Cx/Cy
Table 3.5 Conductivity and electron transfer rate data for AuCx/Cy
films
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from those of bulk metals in that MPCs behave more like insulators.  This is apparent when 
examining σEL of MPC films as a function of temperature.  The conductivities of bulk metals 
increase as their temperature decreases, whereas the opposite is true for semiconductors, of 
which these MPC films are types.  This effect can be depicted in an Arrhenius plot such as in 
Figure 3.12 (films from Tables 3.3 and 3.4) where σEL scales exponentially with the 
reciprocal of the temperature.  The result is a straight line, the slope of which can be used to 
calculate a thermal activation barrier energy (Ea, kJ/mol) for electron transfer in the film.  
Approximately equal Ea values are observed for the AuC5/C10 and AuC6/C10 films, 
whereas that of the AuC7/C10 film is only slightly higher.  These Ea values are lower than 
those seen in non-covalently linked films (Ea ~4 kJ/mol)2a as well as in unlinked films 
assembled from larger MPCs (Au309 and Au976 protected with arenethiolate ligands, Ea = 4-9 
kJ/mol).19b  The latter difference is especially surprising given the fact that Ea for large MPCs 
is intrinsically low due to the larger volume fraction of the film being occupied by gold 
cores.  The lower values can be interpreted as smaller changes in the σEL of dithiol-linked 
films with temperature than in that of non-covalently linked and unlinked films.  The relative 
independence of Ea with respect to core spacing suggests an inner-sphere electron transfer 
mechanism20 in which a dithiol linking ligand serves to couple two redox sites (gold cores) 
involved in the electron transfer and therefore is directly involved in said transfer.  From this 
it can be concluded, as in section 3.3.5, that the dithiol linking ligands indeed play a role as 
electron transfer pathways.   
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Figure 3.12  Arrhenius plots for AuCn/C10 MPC films with different initial MPC 
monolayers.  Activation barrier energies (Ea) are given in the key. 
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CHAPTER 4 
 
VAPOR SENSING IN DITHIOL-LINKED NETWORK POLYMER MONOLAYER 
PROTECTED GOLD CLUSTER FILMS 
 
4.1  Introduction 
    Monolayer protected metal clusters (MPCs) consist of a metal core surrounded and 
protected from aggregation by a monolayer of chemisorbed ligands, typically thiolates.  The 
ligands afford a high degree of stability to the metal cores, both in solid form and in solution, 
allowing the synthesis of MPCs with very small core diameters (1-3 nm).  MPCs in this size 
range exhibit molecular characteristics1 differing from those of bulk metals, and they may be 
incorporated into multi-dimensional structures such as multilayer films.  MPC films have 
been applied as sensors,2 surface-enhanced Raman substrates,3 and conductive coatings.  
Among the potential applications of multilayer MPC films is their use as chemiresistive 
vapor sensors, making use of variable changes in film electronic conductivity (σEL) upon 
exposure to different solvent vapors.  This chapter will examine the effect of solvent vapors 
on the σEL of thin network polymer films composed of Au140(SC6H13)53 MPCs (abbreviated 
AuCx where x is the number of carbons in the monolayer alkanethiolate chain) that are 
covalently crosslinked with α,ω-alkanedithiol molecules.  The films will be abbreviated 
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AuCx/Cy where x and y are the numbers of carbons in the monolayer and dithiol ligand 
chains, respectively. 
    There are many different methods used to assemble films of MPCs.  The simplest involves 
casting sequential drops of a solution of MPCs onto a surface and allowing the solvent to 
evaporate, leaving a dry film in which the cores remain separate and unlinked.  An extension 
of this method makes use of an artist’s airbrush to finely aspirate the MPC solution onto a 
surface.4  Both of these methods—especially with very thin films—are prone to result in 
films with irregular topographies due to cracking upon drying and evaporation effects.5  
Films composed of unlinked MPCs can of course be washed away with any solvent that will 
dissolve the MPCs.  They may be useful in vapor partitioning, but best so at vapor pressures 
far from saturation.  Films that are used with liquids or high vapor pressures of solvents must 
be more robust and linked together with appropriately functional ligands.  Adequate linking 
ligands include carboxylates used for hydrogen-bonding6 and combined with metal ions2a,7 
and α,ω-alkyl2b,8 and aryl9 dithiols.   
    The ability to selectively detect low concentrations of vapor in a certain environment is 
important.10  As detailed in Chapter 3, the structure of a film, speaking in terms of the core-
to-core separation distance (δ), greatly influences its electronic properties.  For example, 
changes in film σEL depend on structural aspects such as MPC core size and linking moiety 
(if any).  Examples of the latter that have recently been employed include dithiols2b,g,8a,11 and 
metal ion/carboxylate bridges.2a,b  Despite the identity of the linking moiety, the operation of 
these films as vapor sensors depends most importantly on σEL changes brought about by the 
altering of δ by the absorption of an incoming solvent vapor.  The films have an inherently 
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low detection limit because δ needs only to be changed by a fraction of a nanometer to cause 
an easily measurable change in σEL.   
    The study of MPC films as vapor sensors began with a report by Wohltjen and Snow4a in 
which a solution of 2 nm AuC8 MPCs was aspirated with an airbrush to form an unlinked 
film.  The films were investigated in terms of their vapor-dependent σEL by using various 
solvent vapors of differing polarity (e.g. toluene, water), and the films were demonstrated to 
be highly sensitive and selective.  Han, et al,2b linked 2 and 5 nm AuC10 MPCs with 
nonanedithiol and mercaptoundecanoic acid and examined their mass loading and conductive 
responses to vapors, finding that the films were most sensitive to polar vapors.  Shen and 
coworkers12 observed that unlinked films composed of Au MPCs functionalized with p-
substituted benzenethiols react differently to polar and nonpolar vapors depending on the 
polarity of the p-substituent.  Joseph, et al,11 utilized dodecylamine-stabilized Au and Pt 
MPC films, assembled layer-by-layer, to detect ammonia and carbon monoxide gases as well 
as toluene and water vapors.  While a decrease in σEL was observed for all analytes, the gases 
were more strongly bound than the vapors to the films.  Ibañez, et al,2g constructed Au MPC 
films by microcontact printing and observed reversible current responses to vapor exposure 
only when the MPCs were crosslinked.  Increasing the temperature of the film resulted in a 
gradual loss of sensitivity. 
    A limited number of reports2a,b,g exist wherein MPCs small enough to exhibit quantized 
double layer (QDL) charging1d,13 are used for this purpose.  That the MPCs contained in the 
films display QDL charging is important because it offers predictability with regard to the 
electronic properties.  In this chapter, the vapor-sensing capabilities of dithiol-linked as well 
as airbrushed Au140 alkanethiolate-protected MPC films will be discussed in terms of changes 
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in vapor mass uptake and σEL.  We observe here that σEL increases upon exposure to vapor, 
implying that an increased δ caused by film swelling does not affect σEL as anticipated (i.e. a 
lessened σEL, Chapter 3).   
4.2 Experimental Section 
4.2.1 Chemicals.  Tetraoctylammonium bromide (Oct4NBr), toluene, sodium borohydride, 
pentanethiol, hexanethiol, tetrabutylammonium perchlorate (Bu4NClO4), absolute ethanol, 
acetonitrile, 2-propanol, (3-mercaptopropyl)trimethoxysilane (MPTMS), 1,10-decanedithiol, 
n-heptane, methanol, and dichloromethane were purchased from commercial sources and 
used as received.  HAuCl4.xH2O was synthesized according to literature procedures,14 and 
water was purified using a Barnstead water purification system.   
4.2.2 Au140 MPC Synthesis.  AuCx MPCs were synthesized according to a modified Brust 
procedure as previously described.15  Briefly, 3.37 g HAuCl4.xH2O in 100 mL water and 5.47 
g Oct4NBr in 100 mL toluene were mixed (solution A) and magnetically stirred for 30 
minutes.  Meanwhile, 3.74 g NaBH4 in 100 mL cold water (solution B) was placed in an ice 
bath and degassed with argon for 30 minutes.  The aqueous phase was discarded from 
solution A using a separatory funnel, and a sufficient amount of the desired thiol for a 3:1 
(thiol:gold) mole ratio was added to the organic phase.  This solution (solution C) was 
allowed to stand for 10 minutes until the color changed from ruby red to cloudy white and 
was then placed in an ice bath for 30 minutes.  Solution C was added to a rapidly stirring 
solution B while continuously degassing B with argon.  An immediate color change to black 
indicated the formation of MPCs, and this solution was stirred in an ice bath for 30 minutes.  
The aqueous phase was discarded, and the toluene was removed from the organic phase by 
rotary evaporation at 25 oC.  The remaining thick black liquid was covered with absolute 
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ethanol and allowed to stand in darkness for 24 hours, during which time most of the MPCs 
precipitated (ethanol insoluble), leaving a smaller fraction in solution (ethanol soluble).  The 
ethanol insoluble fraction was gathered on a medium porosity fritted glass filter, and the 
ethanol was removed from the soluble fraction by rotary evaporation at 25 oC.  Each of these 
fractions was cleaned of excess thiol by stirring in acetonitrile for 45 minutes, filtering, and 
washing with copious amounts of acetonitrile.  Typical yields are about 250 mg ethanol 
soluble MPC and 1 g ethanol insoluble MPC.  The MPCs were characterized 
spectrophotometrically15b (UV-visible absorption) and voltammetrically1d (Osteryoung 
square wave) and exhibited characteristics typical of Au140 MPCs.  
4.2.3 Substrate Preparation.  Interdigitated array (IDA) electrodes (Abtech Scientific, 
Inc., with 50 fingers, each 3000 µm long x 20 µm wide x 0.1 µm high separated by 20 µm 
gaps) were assembled by attaching wire leads to the gold contact pads using silver epoxy 
(EPO-TEK, Billerica, MA) and then curing for 24 hours at ~100 oC.  Quartz crystal 
microbalance (QCM) crystals (Maxtek, Inc., AT cut, Ti/Au, 5 MHz) were assembled by 
attaching wire leads to the gold contact pads via melting of a small piece of indium wire 
(Aldrich) to make the contact.  An insulating layer of Torr Seal (Varian Vacuum 
Technologies, Lexington, MA) was then applied to both sets of contacts and cured for 24 
hours at ~100 oC.  The IDA electrodes and microscope glass slides (Gold Seal, for optical 
absorbance measurements) were cleaned by immersion in piranha solution for 10 minutes 
(WARNING: Piranha solution reacts violently with organic compounds—use caution!) and 
rinsed with water, absolute ethanol, and 2-propanol.  QCM crystals were cleaned with 
piranha solution prior to attaching the wires.  The substrates were then silanized (except for 
those to be used to prepare airbrushed films) by exposure to a nearly refluxing solution of 1 
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mL MPTMS in 50 mL 2-propanol plus 1 mL water for 90 minutes followed by curing at 
~100 oC for 90 minutes.  Adhesive masks were affixed to the slides (see Figure 3.1), totally 
covering one side to prohibit film growth and covering a small area (ca. 2 x 2 mm) at one end 
of the other side to provide an unmodified area for a profilometric baseline.  
4.2.4 Film Assembly.  Network polymer films were grown by immersing the substrates in 
20 mL of a 2 mg/mL ethanol-soluble AuCx MPC/n-heptane solution to which 20 µL dithiol 
had been added.  The substrates (i.e. IDA electrode, QCM crystal, glass slide) were allowed 
to stand vertically in this solution for 24 hours after which time they were rinsed with 2-
propanol and dried with argon.  This process was repeated three more times to achieve a total 
film thickness of ~300 nm.  The films were then placed in an evacuated atmosphere (Schlenk 
line) at room temperature for 24 hours to remove trace amounts of solvent. 
    The airbrushing solution was prepared by dissolving ethanol-soluble AuC6 MPCs in 
dichloromethane (1 mg/mL) and filtering through a Nalgene syringe filter with a 0.45 µm 
PTFE membrane to remove undissolved particulates.  This solution was loaded into the 
reservoir of an Iwata Hp-b airbrush (Dixie Art Supplies, New Orleans, LA) and sprayed, 
making even passes at a distance of 2 to 3 inches from the surface, onto an IDA electrode 
situated next to a glass slide until the films reached the desired thickness as measured 
spectrophotometrically.2a 
4.2.5 Film Characterization.  Thicknesses of dithiol-linked films were obtained with a 
Tencor Alpha-Step 100 surface profilometer.  Airbrushed film thicknesses on glass slides 
were measured using UV-visible absorption spectrophotometry, assuming identical coverage 
on the slides and IDA electrodes.  The absorbance at 520 nm was used in conjunction with 
the MPC molar extinction coefficient (4 x 105 M-1cm-1 for ethanol soluble Au140 MPCs),2a to 
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calculate the MPC concentration and subsequently the film thickness, assuming a core 
center-center distance of 2.5 nm.   
4.2.6 Quartz Crystal Microbalance and Current Response Measurements.  Film-
coated QCM crystals and IDA electrodes were placed in a flow cell16 through which solvent 
vapors were passed.  The vapors, generated by bubbling a metered N2 flow (flowmeter with 
stainless steel float and high-resolution valve, Cole-Parmer North America) through 
corresponding solvents, were further diluted to the desired partial pressures (Pv) with pure 
N2.  Prior to recording any data, the films were conditioned by several alternating 30 minute 
cycles of vapor and N2.  QCM measurements were obtained using a home-built oscillator and 
a Hewlett Packard 53131A universal counter and recorded using Labview 4.0 software.  
Current responses were obtained with the films biased at +500 mV. 
4.3 Results and Discussion 
4.3.1 Mass Uptake of Vapor by Dithiol-Linked Films.   To adequately analyze the vapor 
sensing capabilities of these films, it is necessary to understand how and to what degree the 
films absorb varying amounts of selected organic solvent vapors.  QCM has proven to be a 
useful tool2a,16,17 to detect the tiny changes in mass contributed by the vapors as they partition 
into the films.  This technique operates on the premise that a small change in mass (∆m) 
causes a measurable change in the resonant vibrational frequency (-∆f) (Hz) of an oscillating 
quartz crystal as given by the Sauerbrey equation18 
(-∆f) = ∆mCf/A     (1) 
where Cf is the crystal sensitivity coefficient (5.66 x 107 Hz cm2/g) and A is the area of the 
film on the gold pad of the crystal (1.33 cm2). 
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    Figure 4.1 shows the microgravimetric responses for the mass uptake of vapor by a 270 
nm thick AuC5/C10 film (assembled from ethanol-soluble MPCs) as it is exposed to 
alternating pulses of N2 and vapor, increasing Pv with each pulse (decreasing Pv with each 
pulse gives similar results).  The most noticeable characteristics of these responses are their 
different shapes.  The dichloromethane response rounds off near the peak while the other 
responses terminate in a sharper point.  The rounding off is indicative of a closer proximity to 
equilibrium between vapor absorbed into the film and vapor remaining outside in the gas 
phase.  Film saturation, in the case of dichloromethane, may also occur (discussed below).  
However, total equilibrium is not reached in the time allotted for exposure to vapor; the 
partitioning data (see below) will reflect this. 
    From (1), a larger change in (-∆f) corresponds to a larger vapor mass uptake by the film, 
i.e. a higher volume of vapor partitions into the film.  At first glance, the responses in Figure 
4.1 would seem to indicate that dichloromethane partitions into the film the most strongly 
based solely on its large (-∆f).  However, when (-∆f) is plotted versus Pv in Figure 4.2, it can 
be seen that n-heptane partitions to the greatest extent per unit pressure (kPa).  This can be 
quantified in terms of a partition coefficient (K) for each solvent vapor, which is calculated,2a 
from the concentrations of vapor absorbed into the film (Cs) and remaining in the gas phase 
(Cv), as 
K = Cs/Cv      (2) 
where Cs = ns/Vs (Vs is the volume of the film) and Cv = Cv,maxrv/(rv+rN2) (Cv,max is the 
maximum vapor concentration in the gas phase and rv/(rv+rN2) is the vapor dilution factor) 
and assuming the molar volume of the sorbed solvent is the same as that of the pure solvent.  
The K values are the slopes of the plots in Figure 4.3 and are shown in Table 4.1.  The extent 
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Figure 4.1  QCM frequency responses of a 270 nm thick AuC5/C10 film to alternating 180 
second pulses of solvent vapor and N2.  Partial pressures (kPa) of each vapor are as follows: 
dichloromethane—6.2, 23, 33, 42, 47; ethanol—1.6, 3.9, 5.5, 7.1, 7.9; n-heptane—1.2, 3.0, 
4.3, 5.5, 6.1; acetonitrile—2.4, 5.9, 8.3, 11, 12.  (inset) example of vapor/N2 assignments and 
(-∆f) determination. 
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Figure 4.2  QCM frequency responses of a 270 nm thick AuC5/C10 film vs. partial pressure 
of solvent vapor. 
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Figure 4.3  Concentration of vapor absorbed in a 270 nm thick AuC5/C10 film (Cs) versus 
concentration remaining in gas phase (Cv).  The slopes of the regression lines give the 
partition coefficients (K). 
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87 (89)acetonitrile
a limit of percentage of maximum possible Pv b film volume assumes swelling Vs = Vfilm
+ Vsolv c film volume assumes no swelling Vs = Vfilm d In comparison, values for 
Ag+/carboxylate linked films (ref. 2a) are ethanol = 284 (284) and dichloromethane = 62 
(71).
Table 4.1  Partition Coefficients (K) for Different Solvent Vapors in 
AuC5/C10 Films
179 (193)85 (68)121 (141)dichloromethaned
298 (304)375 (400)269 (286)ethanold
525 (637)n-heptane
160 nm film
(50% Pv)a
swellb (no swell)c
160 nm film
(100% Pv)a
swellb (no swell)c
270 nm film
(100% Pv)a
swellb (no swell)c
Solvent
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of film swelling upon absorption of solvent vapor is unpredictable, so the data takes both 
extremes, full swelling (Vs = Vfilm + Vsolv) and no swelling (Vs = Vfilm), into account.  The 
differences are not major. 
    The reasons for this particular order of partitioning are not obvious.  The main factor under 
consideration is the ability of the respective vapors to solubilize individual MPCs.  AuC5 
MPCs in their as-prepared state easily dissolve in many hydrophobic solvents and as a 
consequence are totally soluble in dichloromethane and n-heptane, mostly soluble in ethanol 
(ethanol-soluble fraction from MPC synthesis), and totally insoluble in acetonitrile.  
Therefore, it would seem to follow that a film assembled from these MPCs would have the 
most interaction with dichloromethane and n-heptane from a pure solubility standpoint.  The 
K values reaffirm this hypothesis for n-heptane but are in disagreement for dichloromethane, 
possibly due to saturation of the film by the latter (see below).  The higher K value for 
ethanol (compared to that of dichloromethane) coincides with earlier studies of metal 
ion/carboxylate-linked films.2a 
    A 160 nm thick AuC5/C10 film (assembled from ethanol-soluble MPCs) was examined to 
determine if film thickness plays a role in vapor mass uptake.  Figure 4.4 (left) shows the 
QCM responses of this film to dichloromethane and ethanol vapors over two different Pv 
ranges.  The higher range (contributing to “100% Pv” values in Table 4.1) includes the 
maximum vapor pressures of each solvent (e.g. 1.6 < Pv < 7.9 kPa for ethanol, etc.), whereas 
the lower, more compact range (contributing to “50% Pv” values) includes pressures up to 
50% of the possible maxima (e.g. Pv ≤ 3.9 kPa for ethanol).  The film was exposed to the 
“50% Pv” range in an attempt to avoid the film saturation by dichloromethane at higher Pv  
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Figure 4.4  (left) QCM frequency responses of a 160 nm thick AuC5/C10 film to alternating 
180 second pulses of solvent vapor and N2.  Partial pressures (kPa) of each vapor in the 
“100%” response of each plot are:  dichloromethane—9.3, 23, 33, 42, 47; ethanol—1.6, 3.9, 
5.5, 7.1, 7.9.  Partial pressures (kPa) of each vapor in the “50%” response of each plot are:  
dichloromethane—4.7, 9.3, 14, 19, 23; ethanol—0.8, 1.6, 2.4, 3.2, 3.9.  (right) QCM 
frequency responses vs. partial pressure of solvent vapor.  (inset) example of vapor/N2 
assignments and (-∆f) determination. 
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evidenced by the leveling off of the (-∆f) maxima (“100% Pv” data points) in Figure 4.4 
(right).  The same general trend is observed over both Pv ranges, i.e. a larger mass of 
dichloromethane partitions into the film, although this occurs over a larger range than with 
ethanol.  The plots of (–∆f) versus Pv for the “50% Pv” range show that the film responds to 
both vapors in a linear fashion because the lower Pv range is not sufficient to cause film 
saturation.   
    The partitioning plots for the 160 nm thick film are shown in Figure 4.5, and the K values 
(Table 4.1) show clearly that ethanol partitions to a greater extent than dichloromethane, as 
was observed in the thicker film.  The 160 nm film mirrors the results of the 270 nm film but 
with a smaller magnitude of response, not surprising considering the fact that less vapor-
storing volume is available in the thinner film. 
    Considering the two Pv ranges, the K values for both vapors are lower for the “50%” range 
than for the “100%” range, indicating that the film absorbs a smaller amount of vapor, 
compared to the available amount, when exposed to a lower Pv range.  This discrepancy may 
be due to saturation and subsequent condensation of vapor on the film at high Pv, making it 
appear that the film absorbed a larger amount of vapor when in actuality, vapor may have 
condensed on the film surface after the interior became saturated.   
    From Table 4.1, the ratio of the K values of ethanol to dichloromethane (ratio = 1.7) for the 
thicker film in the “100% Pv” range is similar to that for the thinner film in the “50% Pv” 
range (ratio = 1.6).  This suggests that the films operate in the same way mechanistically at 
different Pv and simultaneously implies that the thinner film is more applicable to the 
detection of lower vapor concentrations. 
4.3.2 Current Response of Dithiol-Linked Films to Vapor.  MPCs in dry films (in  
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Figure 4.5  Concentration of vapor absorbed in a 160 nm thick AuC5/C10 film (Cs) versus 
concentration remaining in gas phase (Cv).  The slopes of the regression lines give the 
partition coefficients (K). 
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vacuo), both linked and unlinked, have a certain rigid spatial orientation that depends on the 
packing of the MPCs during assembly and the possible presence of void spaces.8c  If the 
same film is then exposed to a solvent vapor, it loses some of its rigidity and the spatial 
orientation shifts depending on the properties of the ligands in the film, resulting in a 
different average distance (δ) between MPC cores.  The spatial shifting depends on the 
ability of a film to swell which, in turn, is contingent upon its flexibility.  The film possesses 
a degree of elasticity as a result of interdigitation2a,6,7d,16,19 of the nonlinking ligands (see 
Figure 3.10).  As discussed in Section 3.3.4, the observed δ value for each of the films was 
less than the predicted value (assuming full extension of the dithiol linking ligands and an 
average core radius of 0.8 nm).  The interdigitation is caused by attractive van der Waals 
forces between nonlinking ligands on adjacent cores, and therein lies the flexibility required 
for the film to be able to swell when absorbing vapor. 
    Figure 4.6 shows the current responses of a 270 nm thick AuC5/C10 film to 180 second 
alternating pulses of N2 and different Pv (“100% Pv” range).  A distinct and large increase in 
σEL is observed in all cases, and while this increase is not unprecedented in these films, it has 
generally been observed when exposing nonpolar films to low pressures of polar 
vapors,2b,4a,12 whereas the films in this study exhibit this behavior for both polar and nonpolar 
vapors.  (The terms “σEL” and “current” are used interchangeably in this section, as they are 
directly proportional to each other.)  We have seen the σEL increase in unlinked dropcast 
films of Au38(SC2H4Ph)2420 and Au140(SC6H13)5321 MPCs when subjected to low pressures of 
nonpolar vapors and have attributed it to the ability of the vapor to impart extra local 
mobility to the MPCs in the film, increasing the rate of electron transfer and σEL.   
    However, in many films, including those assembled using metal ion/carboxylate 
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Figure 4.6  Normalized current responses (calculated as I/I0) of a 270 nm thick AuC5/C10 
film, biased at +500 mV, to alternating 180 second pulses of solvent vapor and N2.  Partial 
pressures (kPa) of each vapor are: dichloromethane—6.2, 23, 33, 42, 47; ethanol—1.6, 3.9, 
5.5, 7.1, 7.9; n-heptane—1.2, 3.0, 4.3, 5.5, 6.1; acetonitrile—2.4, 5.9, 8.3, 11, 12.  (inset) 
example of vapor/N2 assignments and current determination. 
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linkages2a,b as well as dithiols,2b,g,8a,11 vapor sorption causes a net decrease in film σEL 
thought to be due to an increase in δ caused by film swelling.  Although the films discussed 
in this chapter are crosslinked together, the entirely alkanethiolate ligand structure is 
inherently more flexible than an electrostatically-linked film due to its homogeneity22 and the 
lack of like-charge repulsions (such as those between positively charged metal ions between 
carboxylate bridges).  Also, the entire dithiol-linked film is nonpolar, so it is possible that the 
nonpolar vapors do serve to somewhat mobilize the MPCs.  Another possible explanation of 
the increased σEL lies in percolation theory.23  In a percolation model, dry films contain voids 
caused by irregular packing and, consequently, a limited amount of readily conductive 
pathways.  When the films are exposed to vapor, they swell, and parts of the film that were 
not in contact when dry come together to form additional conductive (tunneling) pathways, 
filling in the voids and increasing σEL. 
    Figure 4.7 shows the current responses of a 160 nm thick film to dichloromethane and 
ethanol vapors (“100% Pv” range).  This film is observed to behave in much the same way as 
the thicker film discussed above, i.e. dichloromethane vapor again causes a larger change in 
the current.  As in the QCM experiment above, this film was also exposed to a range of lower 
Pv (“50% Pv”); the current responses are shown in Figure 4.7.  The response to ethanol in the 
“50% Pv” range is strikingly similar to that in the “100%” range, and this response is 
unexpectedly greater than the response for dichloromethane in this range.  The reasons for 
these observations are currently not understood. 
    Although it is unclear as to what causes the σEL increase in these films for all vapor 
polarities, the degree to which vapor partitioning occurs has an effect on the magnitude of  
this increase.  The vapors with the highest K values partition into the films to greater extents 
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Figure 4.7  Normalized current responses (calculated as I/I0) of a 160 nm thick AuC5/C10 
film, biased at +500 mV, to alternating 180 second pulses of solvent vapor and N2.  Partial 
pressures (kPa) of each vapor in the “100%” response of each plot are:  dichloromethane—
9.3, 23, 33, 42, 47; ethanol—1.6, 3.9, 5.5, 7.1, 7.9.  Partial pressures (kPa) of each vapor in 
the “50%” response of each plot are:  dichloromethane—4.7, 9.3, 14, 19, 23; ethanol—0.8, 
1.6, 2.4, 3.2, 3.9.  (inset) example of vapor/N2 assignments and current determination. 
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and therefore are expected to cause greater changes in σEL.  It can be seen from the current 
responses in Figure 4.6 that ethanol, dichloromethane, and acetonitrile follow this trend, 
though it is surprising that dichloromethane causes a greater change than ethanol since 
ethanol has a higher K and therefore partitions to a greater extent.  A possible explanation for 
this may be the effect of the different changes in the dielectric surroundings of the conductive 
MPC cores in the film brought about by the introduction of these vapors.  Ethanol, with its 
two-carbon chain, is more dielectrically similar to the alkanethiolate ligands in the film and 
therefore causes a smaller change in the conductive properties of the film.  The same 
argument can be made when considering the seemingly abnormally low change in current 
with n-heptane vapor.  It has a high K as well, but it is even more dielectrically similar to the 
ligands in the film.  Because of this similarity, the change in current upon absorption of n-
heptane vapor is small.  Also of note is the magnitude of the current decrease with 
dichloromethane which reaches a maximum at high Pv, possibly due to structural 
rearrangement caused by approaching the saturation point of the film.  The sharp current 
spikes and the subsequent settling back to lower currents can be attributed2b to transient σEL 
changes that occur upon initial vapor sorption. 
4.3.3 Current Response of Films to Short Vapor Pulses.  The rationale behind this 
experiment stems from the desire for a rapidly responsive and sensitive vapor sensor.  The 
results presented above are adequate for characterizing and comparing the various long-term 
current responses, but the experiments, though reproducible, are relatively time consuming.  
Figure 4.8 depicts the current responses of a 16 nm thick AuC6/C10 film (assembled from 
ethanol-soluble MPCs) to 5-10 second bursts of different pressures of solvent vapors.  A 
thinner film was used here as per the discussion regarding ratios of K values in Section 4.2.1.   
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Figure 4.8  Normalized current responses (calculated as I/I0) of a 16 nm thick AuC6/C10 
film, biased at -500 mV, to 5-10 second pulses of solvent vapor alternating with longer 
pulses of N2.  Each upward spike represents the point at which the vapor was pulsed “on.”  
Three measurements were obtained at each vapor pressure.  Percentage partial pressures of 
each vapor are:  dichloromethane —25%, 29%, 32%, 35%; toluene—50%, 60%, 70%, 80%, 
90%, 100%; acetonitrile—50%, 60%, 70%, 80%, 90%, 100%. 
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Additionally, the short duration of the vapor pulses applied in this experiment were not 
expected to be adequate to allow for extensive penetration into much thicker films.  The 
sharp shifts in the baselines of the dichloromethane and toluene responses may be due to 
structural rearrangement of the film.  Correspondingly, the more gradual baseline drift is 
likely due to a faster rate of absorption of vapor into the film compared to the rate of 
desorption.  These conflicting sorption rates also cause the tailing of each individual pulse 
response as they decrease toward the baseline.   
    The responses are presented graphically in Figure 4.9 as a function of the percent of full 
Pv.  The goal here was to determine the minimum reproducibly detectable amount of each 
vapor.  It is evident that the film is most sensitive to dichloromethane vapor (lowest % Pv 
values), and it can also differentiate between small increments in Pv.  The response to these 
vapors is somewhat linear over the lower Pv range and significantly deviates from linearity at 
higher Pv values (see acetonitrile and toluene responses), signifying saturation of the film.  
The linearity of the low Pv portion of the plots suggests ease of calibration of the film as a 
vapor sensor, and this bodes well since detector sensitivity to lower vapor concentrations is 
most desirable.   
    Several efforts at improving the detection limit and sensitivity of the films were made, 
including biasing the films at a higher constant voltage (-2 V) in order to generate a higher 
baseline current and consequently a more sensitive response.  Responses to 10% and 20% 
acetonitrile vapor were observed at this high voltage bias (no response below 50% when 
biased at -500 mV), but the baseline current was unstable.  It was feared that irreversible 
destruction of the films due to subjection to long durations of large voltages would result. 
4.3.4 Current Response of Airbrushed Films to Vapor.  Figure 4.10 shows the current 
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Figure 4.9  Absolute current increase of 16 nm thick AuC6/C10 film, biased at -500 mV, 
versus percentage of full vapor pressure (Pv).  Error bars represent three measurements 
obtained at each pressure (from Figure 9).   
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Figure 4.10  Current response of a 35 nm thick airbrushed AuC6 film, biased at -500 mV, 
upon exposure to pulses of acetonitrile vapor.  The lengths of the pulses at each pressure are: 
two 5 second pulses, two 10 second pulses, one 30 second pulse, one 10 second pulse, and 
one 5 second pulse.   
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response of a 35 nm thick unlinked airbrushed AuC6 film (ethanol-soluble MPCs) to various 
pressures of acetonitrile vapor.  The current increases upon application of vapor as seen in 
the linked films in Section 4.3.2, but the striking feature is that the magnitude of the increase 
remains constant regardless of Pv.  The lack of variation in the response is also evident with 
other vapors such as toluene and methanol, and it seems to be a classic example of the 
percolation effect (see Section 4.3.2).  The film operates in an “on/off” fashion, “on” when 
the vapor is applied and “off” when only N2 is applied.  This behavior makes sense when 
considering the structure of the airbrushed film.  A topographically rough film is observed in 
the scanning electron microscope image of the dry film in Figure 3.2.  The roughness, due to 
evaporation of solvent droplets on the substrate,5 most certainly creates regions bereft of 
conductive contacts.  In a phenomenon known as capillary condensation,24 vapors may 
condense upon contact with rough surfaces, pooling in those regions and possibly swelling 
the film and providing extra MPC mobility.  These factors can cause potential contact points 
to come together, providing a greater population of conducting pathways and a higher 
current.  This dependence of σEL on the proximity of contact points was further investigated 
by Lee25 and coworkers who found that the σEL of a Langmuir-Blodgett monolayer film can 
be changed by subjecting it to varying degrees of mechanical pressure in order to compress 
the film such that it becomes more homogeneous and distances between the contact points 
decrease. 
    The fact that the film is so thin contributes to the lack of variation in the current magnitude 
when different Pv is applied.  The entire film reacts as a single entity because the vapor 
penetrates to the deepest regions as evidenced by the rapid ascension to a plateau in the 
response for only a 30 second pulse.  This is in contrast to thicker linked films into which the 
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vapor may only have time to partition part of the way before the end of an even longer cycle 
(180 seconds) when Pv is returned to zero.  This is illustrated in the response to acetonitrile in 
Figure 4.1 that shows no sign of reaching a current plateau during a 180 second pulse.   
    As a result of the unchanging response to different Pv, it was hypothesized that the mere 
changing of pressure may be a contributor.  Figure 4.11 shows the response of a 240 nm 
thick airbrushed AuC6 film (ethanol-soluble MPCs) to varying pressures of N2 (no vapor).  
Prior to this experiment, the film was kept in an evacuated atmosphere (Schlenk line, room 
temperature) and was not preconditioned.  The largest changes in current are approximately 
60% as large as the corresponding changes upon exposure to acetonitrile vapor, a sizeable 
fraction.  However, as more N2 pulses were input, the current changes diminished as if the 
film was becoming conditioned to N2.  The reason for this response to N2 remains currently 
unexplained. 
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Figure 4.11  Current response of a 240 nm thick airbrushed AuC6 film, biased at -500 mV, 
upon exposure to pulses of N2 gas.  The film was exposed to a base N2 flow, and this flow 
was increased by the percentages indicated.  Pulse lengths at each pressure are the same as 
those in Figure 11.   
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CHAPTER 5 
 
ELECTRON TRANSFER DYNAMICS IN THIN MONOLAYER PROTECTED 
GOLD CLUSTER NETWORK POLYMER FILMS USING COULOSTATIC AND 
POTENTIOMETRIC PULSES 
 
5.1 Introduction 
    The intense study of monolayer protected gold clusters (MPCs), specifically those with 
core diameters of 1-3 nm, in recent years has provoked their incorporation into three-
dimensional structures such as network-polymer films.  The rigidity of these films allows for 
a spatial arrangement (i.e. fixed position) different from the random and ever-changing 
positions of the MPCs in the solution phase.  Hence, depending on the MPC core 
arrangement and the identity of both the nonlinking and linking ligands, electrons move 
through these films at certain rates.1  In the interest of film behavior under different ambient 
conditions, it is important to be able to understand the electron transfer (hopping) kinetics in 
the films in both dry and solvent-wetted states.  There has been ample research devoted to 
dry MPC films1 in observing the dependence of the electron transfer kinetics on conditions 
such as MPC core size, linking and nonlinking ligand identity, and distance between cores.  
The application of these films as vapor and gas sensors has also been explored.1c,g-j,2  When a 
network-polymer MPC film is exposed to a solvent vapor, its electronic conductivity (σEL) 
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and, therefore, the electron transfer rate constant (kET) of the film change as results of both 
the swelling of the film by the vapor and of the altering of the chemical nature of the 
environment surrounding the MPCs. 
    Alternatively, significantly less research has been devoted to network-polymer MPC films 
while completely wetted with solvents.  We have previously explored the ability of dithiol-
linked Au140(SC6H13)53 (abbreviated AuC6, average 140 Au atoms in the core) MPC films to 
mediate the solution-phase electron transfer between a redox-active species and a gold disk 
electrode using rotated-disk voltammetry (RDV).3  From this experiment, an electron 
diffusion coefficient (De) and kET (pseudo-first order, s-1) can be calculated and are shown to 
be different from those obtained from the dry film, again due to possible changes in the film 
caused by the solvent.   
    In the present experiment, we used an interdigitated array (IDA) electrode in a generator-
collector (GC) fashion, similar to a past experiment done by Feldman, et al,4 in order to more 
thoroughly understand the kinetics of the electron transfer through solvent-wetted 
decanedithiol-linked AuC6 MPC films (abbreviated AuC6/C10).  A five-electrode 
arrangement was employed so that two working electrodes were available, one set of IDA 
fingers as the generator electrode and one set as the collector electrode.  An electronic 
disturbance, in the form of either a charge pulse or a voltage pulse, was introduced causing a 
band of electrons (or holes) to flow4 from the generator to the collector.  By monitoring the 
current at the collector electrode, the flight time (tmax) required for the most intense part of 
the band (i.e. the current maximum) to reach the collector is determined.  Further, simulating 
the entire IDA electrode as a geometrically planar surface allows the calculation of De as 
dependent on tmax.  The results are comparable to those obtained from chronoamperometric 
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experiments on gold MPC films linked with metal ion/carboxylate bridges.5  However, the 
present values of De are higher than those observed in redox hydrogels6 and various redox 
polymers7 and polyether molten salts8 despite the fact that the concentration of redox-active 
sites in the MPC films is less than that in the aforementioned redox species.  De is also higher 
in the present films than those values observed from RDV3 on films linked identically, 
presumably due to irreversible doping of the films with electrons/holes. 
5.2 Experimental Section 
5.2.1 Chemicals.  Tetraoctylammonium bromide (Oct4NBr), toluene, sodium borohydride, 
hexanethiol, tetrabutylammonium perchlorate (Bu4NClO4), potassium chloride, absolute 
ethanol, acetonitrile, 2-propanol, (3-mercaptopropyl)trimethoxysilane (MPTMS), 1,10-
decanedithiol, n-heptane, methanol, and dichloromethane were purchased from commercial 
sources and used as received.  HAuCl4.xH2O was synthesized according to literature 
procedures.9  Water was purified using a Barnstead water purification system.   
5.2.2 Au140 MPC Synthesis.  MPCs with average formula Au140(SC6H13)53 were 
synthesized according to a modified Brust procedure as previously described.10  Briefly, 3.37 
g HAuCl4.xH2O in 100 mL water and 5.47 g Oct4NBr in 100 mL toluene were mixed 
(solution A) and magnetically stirred for 30 minutes.  Meanwhile, 3.74 g NaBH4 in 100 mL 
cold water (solution B) was put on an ice bath and degassed with argon for 30 minutes.  The 
aqueous phase was discarded from solution A using a separatory funnel, and a 3:1 
(thiol:gold) stoichiometric amount of hexanethiol was added to the toluene phase.  This 
solution (solution C) was allowed to stand for 10 minutes until the color changed from ruby 
red to cloudy white and was then put on an ice bath for 30 minutes.  Solution C was added to 
a rapidly stirring solution B while continuously degassing B with argon.  An immediate color 
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change to black indicated the formation of MPCs, and this solution was stirred on an ice bath 
for 30 minutes.  The aqueous phase was discarded, and the toluene was removed from the 
organic phase by rotary evaporation at 25 oC.  The remaining thick black liquid was covered 
with absolute ethanol and allowed to stand in darkness for 24 hours, during which time most 
of the MPCs precipitated (ethanol insoluble), leaving a smaller fraction in solution (ethanol 
soluble).  The ethanol insoluble fraction was gathered on a medium porosity fritted glass 
filter, and the ethanol was removed from the soluble fraction by rotary evaporation at 25 oC.  
Each of these fractions was cleaned of excess thiol by stirring in acetonitrile for 45 minutes, 
filtering, and washing with copious amounts of acetonitrile.  Typical yields are about 250 mg 
ethanol soluble MPC and 1 g ethanol insoluble MPC in the form of a loose black powder.  
The MPCs were characterized spectrophotometrically (UV-visible absorption)10b and 
voltammetrically (Osteryoung square wave)11 and exhibited characteristics typical of Au140 
MPCs.10b,11 
5.2.3 Substrate Preparation.  Interdigitated array (IDA) electrodes (Abtech Scientific, 
Inc., 50 fingers, each 3000 µm long x 20 µm wide x 0.1 µm high separated by 20 µm gaps) 
were assembled by attaching wire leads to the gold contact pads using silver epoxy (EPO-
TEK, Billerica, MA) and then curing for 24 hours at 100 oC.  An insulating layer of Torr Seal 
(Varian Vacuum Technologies, Lexington, MA) was then applied to the contacts and cured 
for 24 hours at 100 oC.  The IDA electrodes and glass slides (for absorbance measurements) 
were cleaned by immersion in piranha solution (WARNING: Piranha solution reacts 
violently with organic compounds—use caution!) and rinsed with water, absolute ethanol, 
and 2-propanol.  The substrates were then silanized by exposure to a nearly refluxing 
solution of 1 mL MPTMS in 50 mL 2-propanol plus 1 mL water for 90 minutes followed by 
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curing at 100 oC for 90 minutes.  Adhesive masks were affixed to the slides (see Figure 3.1), 
totally covering one side to prohibit settling of precipitates from the film growth solution on 
that side and covering a small area (ca. 2 x 2 mm) at one end of the other side to provide an 
unmodified area for a profilometric baseline.   
5.2.4 Film Assembly.  Thin (~30 nm) network-polymer MPC films were grown by 
immersing the substrates (IDA electrodes used for the tmax measurements and glass slides to 
estimate film thickness) in 20 mL of a 2 mg/mL ethanol-soluble AuC6 MPC/n-heptane 
solution to which 20 µL dithiol had been added.  The substrates were allowed to stand 
vertically (IDA electrode fingers oriented vertically) in this solution for 90 minutes after 
which time they were rinsed with 2-propanol and dried with argon.  The films were then 
placed in an evacuated atmosphere (Schlenk line) at room temperature for 24 hours to 
remove all traces of solvent.  Thicker films were grown in the same manner except that the 
substrates were allowed to stand in solution for 24 hours.  This process was repeated, using a 
fresh solution, for another 24 hours to bring the total thickness up to ~200 nm.   
5.2.5 Film Characterization.  Film thicknesses were measured with a Tencor Alpha-Step 
100 surface profilometer.  Optical absorbance spectra were obtained with a Shimadzu UV-
1601 UV-visible spectrophotometer.  The absorbance at 520 nm was converted into a surface 
coverage (Γ, mol/cm2) based on the MPC extinction coefficient (4 x 108 cm2/mol at 520 
nm).1c  Γ values were combined with film thicknesses to yield spatial MPC concentrations 
(C, mol/cm3), and average core center-to-center distances (δ, cm) were obtained using C = 
NAδ3 where NA is Avogadro’s number.  Linear sweep current-potential (i-E) curves were 
obtained at room temperature with a home-built potentiostat, and electronic conductivities 
(σEL, Ω-1cm-1) were calculated1b,12 by multiplication of the slopes of the i-E curves by the 
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IDA electrode cell constant (Ccell, cm-1).  Ccell is dependent on the film thickness (when 
thickness < finger height) and is defined as the finger gap divided by the total finger area 
(parallel faces) contacted by the film (Ccell = 13 and 50 cm-1 for 210 and 27 nm thick films, 
respectively). 
5.2.6 Charge Pulse Electron TOF Measurements.  The film-coated IDA electrode was 
immersed in 10 mL of 0.1 M Bu4NClO4 in the desired solvent, which was acetonitrile, 
dichloromethane, or tetrahydrofuran (in water, electrolyte was KCl).  One lead of the IDA 
electrode (generator) was connected through a 5 MΩ resistor to a PAR model 175 pulse 
generator and the other lead (collector) to a home-built potentiostat along with a silver wire 
quasi-reference electrode (QRE) and a platinum wire counter electrode (Figure 5.1).  A 
platinum flag electrode in the solution was grounded to serve as a current sink for the initial 
large current spike contributed by the input pulse.  A constant 0 V potential was applied to 
the collector, and the potentiostat was used to chronoamperometrically monitor the current at 
the collector while a 10 V pulse was input through the resistor to the generator electrode 
(initially at 0 V), providing a charge pulse of a desired magnitude depending on the duration 
(0.01 – 2.0 s) of the pulse generator input.  The generator electrode was returned to 0 V after 
the pulse. 
5.2.7 Voltage Pulse Electron TOF Measurements.  The film-coated IDA electrode was 
immersed in 10 mL of 0.1 M Bu4NClO4 in dichloromethane.  One lead of the IDA electrode 
(generator) was connected to the pulse generator (no resistor) and the other lead (collector) to 
a Pine Instrument Co. RDE4 bipotentiostat (using only one working electrode circuit).  A 
silver wire QRE and a platinum wire counter electrode were also connected to the 
bipotentiostat (Figure 5.1).  Labview 7.1 software was used to apply a constant 0 V potential  
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Figure 5.1  Schematics of charge pulse (left) and voltage pulse (right) apparatuses.  “PG” 
and “p’stat” refer to the pulse generator and the potentiostat, respectively. 
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to the collector while simultaneously monitoring the current at the collector.  Voltage pulses 
of varying durations (0.01 – 2.0 s), the magnitude of which (-0.4 V) was chosen to cover one 
voltammetric charge state peak in the square wave voltammogram, were applied to the 
generator.  Prior to each pulse, the generator was held at a potential of 0 V and was returned 
to 0 V after the cessation of each pulse. 
5.3 Results and Discussion 
5.3.1 Theory.  These experiments operate on the simple premise that an electronic 
perturbation, in the form of either a charge pulse or a voltage pulse, at the generator set of 
IDA fingers will result in a measurable flow of electrons (compensated by uninhibited access 
of the solution-phase electrolyte to the film) through the film to the collector fingers.  
Importantly, since the MPCs are locked into place in the film matrix, the resulting measured 
current results exclusively from electron diffusion occurring by self-exchanges1b between 
MPC cores.  The kinetics of these transfers can be described in terms of DBeB and, taking into 
account the IDA electrode geometry, kET.  Values of tmax may also be determined and have 
been theoretically modeled for a variety of pulse techniques.4,13   
    As a geometrical simplification of the theory, the AuC6/C10 films are grown sufficiently 
thin so that their thicknesses are much less than the IDA finger gap width, thereby allowing 
one to treat (see Appendix Section 5.4) the entire system as a pair of parallel electrodes.  
Figure 5.2 is a cartoon of a portion of a film-coated IDA electrode.  The film coats the IDA 
fingers in addition to the exposed glass substrate between the fingers.  Explicit finite 
difference simulations (see Appendix Section 5.4) lead to the calculation of De through a 
normalized time variable (T): 
De = Tδ2/tmax       (1) 
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Figure 5.2  Cartoon of an IDA electrode coated with a thin MPC film. 
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where δ is the gap width (cm) between IDA fingers and the other variables have been 
previously defined.  As long as the pulse duration is kept sufficiently short, the value of T 
remains constant at 0.167 for a charge pulse or at 0.093 for a voltage pulse (this issue is 
discussed below), these values arising from the solutions of the finite difference equations.  
In the two-dimensional system (film thickness << δ), De is related to kET by14 
kET = 4De/δ2       (2) 
with kET (s-1) expressed as a pseudo-first order rate constant because the concentration of 
charge carriers in the film is assumed1c,e to be equal to the MPC concentration when using as-
prepared MPCs in the film assembly.  It is also assumed that the pulses result in one-electron 
transfers that can be described by a single De. 
5.3.2 Measuring tmax with a Charge Pulse.  By varying the duration of the current pulse, 
different amounts of charge (Qinj) can be injected at the generator electrode.  Figure 5.3 
depicts a 0.2 s charge pulse and the typical current response (t = 0 is the beginning of the 
pulse) of a 27 nm thick AuC6/C10 film.  In this case, Qinj = 4 x 10-7 C, enough to charge 
58.4% of the MPCs in the film (see Table 5.3).  Figure 5.4 shows the current-time responses 
at the collector of a 27 nm thick AuC6/C10 film wetted with different solvents and subjected 
to current pulses of various durations.  t = 0 is defined as the time at which the pulse was 
initiated.  The current spike near t = 0 in the tetrahydrofuran signal occurs both at the leading 
and falling edges of the pulse and is a result of ringing in the circuitry attributed to 
unmatched impedances.15  These spikes are also present in the other signals but are smaller 
compared to the measured currents. 
    It is clearly evident with all the solvents in Figure 5.4, except for water, that the current at 
the collector continued to increase after the pulse and that tmax remained constant despite  
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Figure 5.3  Charge pulse diagram (top, 10 V over 5 MΩ = 2 µA in 0.2 s = 0.4 µC) and 
example current response (bottom) of an AuC6/C10 film.   
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Figure 5.4  Current-time responses of a 27 nm thick AuC6/C10 film in different solvents to 
charge pulses of various magnitudes.  Bu4NClO4 (0.1 M) was the electrolyte in acetonitrile, 
dichloromethane, and tetrahydrofuran, and KCl (0.1 M) was the electrolyte in water.  
Negative currents near t = 0 observed in some of the responses result from residual ringing at 
the beginning and cessation of the pulse. 
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changing Qinj, implying that these values of Qinj are below the threshold for which T = 0.167 
as discussed above.  The threshold amount of charge (QMPC, 2.4 x 10-6 and 6.8 x 10-7 C for 
210 and 27 nm thick films, respectively) is equivalent to that which is required to charge the 
MPC coating around the generator by one electron and is calculated from  
QMPC = nFNMPC       (3) 
where n is the number of electrons transferred in the redox process, F is the Faraday constant, 
and NMPC is the number of moles of MPCs coating the generator (MPC concentration × film 
thickness × total generator area).  With this constant current input, it is important that the 
supply of redox material at the generator not be totally depleted during the pulse.   
    Table 5.1 contains values of tmax and De in these different solvents, the first three of which 
were chosen because of their common electrochemical use.  The differences in the De values 
among the solvents can be explained using an analogy to solvent vapor sorption by the films.  
The exposure of an MPC film to solvent vapors results in measurable changes in film σEL 
and kET partially caused by swelling of the film when absorbing these vapors.1c,j,2b,c  The 
magnitudes of these changes depend on the vapor pressure applied to the film and on the 
identity of the vapor.  The ability of a certain solvent vapor to partition into a film is 
contingent largely upon the corresponding ability of the solvent to solubilize the constituent 
MPCs.  For example, AuC6 MPCs are entirely soluble in dichloromethane and insoluble in 
acetonitrile and water; therefore, dichloromethane vapor partitions into an MPC film to a 
much greater extent.  This relationship should also be applicable when the film is wetted with 
a solvent.  As a result, dichloromethane and tetrahydrofuran are expected to swell the film 
the most, followed by acetonitrile and water, and the order of the De values in Table 5.1 
support this expectation.   
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Table 5.1  Electron flight times (tmax) and diffusion coefficients (De) 
obtained with charge pulse in AuC6/C10 films in different solvents
1.5(±1.1) x 10-60.62 ± 0.41CH3CN210
4.4(±1.5) x 10-60.16 ± 0.06H2O
27
thickness 
(nm)
5.1(±0.6) x 10-71.32 ± 0.14CH2Cl2
3.3(±0.09) x 10-72.01 ± 0.06THF
2.4(±0.1) x 10-72.77 ± 0.12CH2Cl2
4.7(±0.2) x 10-71.43 ± 0.06CH3CN
De (cm2/s)tmax (s)solvent
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    The extension of this experiment to a thicker film is shown in Figure 5.5 and yields 
different values of tmax and De (see Table 5.1).  tmax for a 210 nm thick film is significantly 
less for both acetonitrile and dichloromethane, corresponding to higher values of De.  The 
reason for this behavior lies in the more continuous structure suspected to be prevalent in the 
thicker film.  Previous studies16 of the current response of thin (~20 nm) airbrushed Au MPC 
films to alternating pulses of N2 gas and solvent vapors suggest that the films behave in an 
“on/off” fashion with no change in response amplitude despite changes in vapor 
concentration (see Figure 4.10).  We took this to imply a discontinuous film structure (i.e. 
cracks and gaps, visible with optical microscope) in the dry state that, when exposed to 
vapor, becomes somewhat more continuous.  The cracks and gaps are less prominent in the 
thicker film, resulting in higher σEL and therefore higher De values.  Despite faster hopping in 
the thicker film, the relationship between the solvents remains the same.  As in the 27 nm 
film, acetonitrile causes less swelling, and consequently the transfer kinetics are faster than 
with dichloromethane.  
    When these network-polymer films are dried (no contact with solvent), the electron 
transfer mechanism does not depend on the electrolysis and subsequent ion motion that 
govern the kinetics in the solvent-wetted state.  However, De (such as in Table 5.2) can be 
derived from the dry σEL using (2) in combination with1c 
kET = 6RTσEL/10-3F2δ2C     (4) 
where δ is the center-to-center distance (cm) between the MPC cores in the film, and C is the 
MPC concentration (M).  In the dry films, De ≈ 10-6 cm2/s or about ten times the solvent-
wetted value (Table 5.1), consistent with the above discussion regarding the differences in 
film continuity between wet and dry states.. 
 180
 
 
 
 
 
 
 
 
 
 
Figure 5.5  Current-time responses of a 210 nm thick AuC6/C10 film in different solvents to 
charge pulses of various magnitudes.  Bu4NClO4 (0.1 M) was the electrolyte in both solvents.  
Negative currents near t = 0 observed in the dichloromethane responses result from residual 
ringing at the beginning and cessation of the pulse. 
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    The De values are much higher in the present solvent-wetted films than in the same, albeit 
thicker, films (~10-9 cm2/s) observed using RDV.3  The large De values were initially thought 
to be due to the diffusion of individual MPCs near the surface of the film from the generator 
to the collector since solvated AuC6 MPCs are known17 to have diffusion coefficients ~10-6 
cm2/s.  Water was chosen as a solvent to eliminate any possible MPC diffusion (AuC6 MPCs 
are not soluble in water and would therefore not be able to dissolve from the film surface and 
diffuse).  As seen in Table 5.1, De did not decrease to the RDV level with water as the 
solvent but instead increased dramatically (an effect observed previously1e and later 
attributed to film deswelling by water), implying that the large De values indeed represent 
actual electron transfers occurring from MPC core to MPC core in the film.   
    The discrepancy in De values observed between the charge pulse and RDV techniques, 
while possibly caused by the effect of the different thicknesses on film continuity (see above 
discussion), may also be due to irreversible doping of the film with holes caused by the 
charge pulse and resulting in permanent charge states for some MPCs that differ from the as-
prepared state.  Table 5.2 contains electronic parameter values in the films before and after 
subjection to charge pulses.  The σEL values of the dry films after performing charge pulse 
experiments are several orders of magnitude higher than those of the same films before 
subjecting them to the pulses.  The doping occurs with the first pulse input into a fresh film 
and therefore affects all subsequent measurements, although the exact nature of its effect as it 
pertains to the decrease in De described above is uncertain. 
    Attempts to change the σEL of the films back to their original values by biasing at -0.5 V 
for five minutes were unsuccessful, resulting in no change in σEL.  Purposeful doping of 
redox polymer films18 has been previously shown to affect De, albeit not this drastically, so  
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Table 5.2  Values of electronic parameters in dry AuC6/C10 films before and after charge 
pulse experiments
3.1 x 10-81.6 x 1066.2 x 10-6pre-experiment
210
4.4 x 10-63.8 x 1081.9 x 10-3post-experiment
27
thickness (nm)
5.5 x 107
110
kET (s-1)
1.1 x 10-62.2 x 10-4post-experiment
1.3 x 10-125.4 x 10-10pre-experiment
De (cm2/s)σEL (Ω-1cm-1)status
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there may be another unknown process taking place during the initial charge pulse.  It is 
interesting to note that despite the difference in pre-experimental σEL values (caused by 
differences in film thickness), the post-experimental σEL values are approximately equal; 
whatever the process that occurs during the pulse, it affects both films equally. 
    Table 5.3 contains values of tmax and De for different Qinj as well as percentages of Qinj 
obtained at each set of electrodes for the 27 nm thick film.  These data are shown only for 
acetonitrile but are representative, in terms of relative values, of those obtained in the other 
solvents.  The proximity of Qinj to QMPC (6.8 x 10-7 C for 27 nm thick film) has a profound 
effect on the accuracy of tmax and De.  As long as Qinj < QMPC, tmax remains unchanged and 
has a reasonable value.  In contrast, when Qinj > QMPC (%QMPC injected > 100%), the value of 
tmax becomes unreliable because the large charge injection totally depletes the redox material 
surrounding the generator.   
5.3.3 Measuring tmax with a Voltage Pulse.  By removing the resistor from the charge 
pulse apparatus, pure voltage pulses can be injected into the generator electrode, the main 
advantage being that there is no risk of depleting the available supply of redox material.  
Figure 5.6 shows the current-time responses of a 15 nm thick AuC6/C10 film to voltage 
pulses of various durations.  The sharply spiked peaks emanate from ringing in the signal as 
discussed above, but the tmax peaks remain visible.  The values of tmax are inconsistent at 
longer pulse durations (τ) and is constant only (panel A) when τ is kept sufficiently short.  
The reason for this can be more easily seen by comparison to the digital simulation as in 
Figure 5.7.  In the simulation, log10T is constant when the G parameter (normalized pulse 
time) is less than 0.005, corresponding to short τ values.  The experimental results match 
fairly well with this trend.   
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NA(2.03)3.95.84 x 10-62.0
a Charge injected during corresponding pulse. b QMPC = 6.8 x 10-7 C = charge 
required to oxidize MPCs on IDA fingers by one electron, calculated using equation 
(3).  c Qcol = charge obtained at collector electrode (obtained by integration of 
current-time curve).  d Calculated using equation (1).
Table 5.3  Electron times-of-flight (tmax) and diffusion coefficients (De) as 
functions of charge injected into a 27 nm thick AuC6/C10 film in 0.1 M 
Bu4NClO4/CH3CN
2 x 10-6
1 x 10-6
4 x 10-7
2 x 10-7
1 x 10-7
2 x 10-8
Qinj (C)a De (cm2/s)dtmax (s)Qcol/QinjcQinj/QMPCbτ (s)
NA(1.10)1.82.91.0
NA(0.88)0.861.50.5
4.6 x 10-71.470.270.580.2
4.6 x 10-71.470.130.290.1
5.0 x 10-71.340.060.150.05
4.6 x 10-71.470.020.030.01
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Figure 5.6  a) Current-time responses of a 15 nm thick AuC6/C10 film as function of voltage 
pulse duration (τ).  b) Enlargement of bottom four responses in (a).  tmax peaks are marked 
with *.  Current spikes are due to residual ringing at the beginning and cessation of the pulse.  
The electrolyte species was 0.1 M Bu4NClO4/CH2Cl2. 
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Figure 5.7  Experimental current-time responses to voltage pulses in a 15 nm thick 
AuC6/C10 film compared to a digital simulation.  a-b) Responses to voltage pulses at short 
and long τ, respectively.  tmax peaks are marked with a vertical line in a and * in b.  The 
downward current spikes result from residual ringing at the cessation of the pulse.  c-d) 
Digital simulation and enlargement of short τ region, respectively.  G is the normalized pulse 
time, defined as G = Deτ/δ2.  iss is the steady state current achieved when τ is infinitely long 
(i.e. a voltage step).   
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    De is calculated using (1) with T = 0.093, and the results are shown in Table 5.4.  These 
voltage pulse Devalues (7.1 x 10-7 cm2/s) are similar to those obtained with a charge pulse 
(2.4 x 10-7 cm2/s in dichloromethane, Table 5.1) despite the differences in tmax values.  The 
reason for the tmax differences is explained by considering how the concentrations of initial 
charge states (Ccs) change with time for each pulse method.  For the charge pulse, the 
diffusion of electrons from the generator to the collector is due to the creation of an 
electron/hole concentration gradient at the generator.  In this case, Ccs decays linearly with 
time from the maximum that is determined by Qinj, and it is limited by the availability of 
MPCs that are able to accommodate this Qinj.  For the voltage pulse, the diffusion of 
electrons is due to the applied voltage gradient.  Here, Ccs is a constant value prior to each 
pulse and decays in more of an exponential fashion with time (near t = 0); the steepness of 
the decay is greater at shorter τ.  Consequently, less time is required for tmax to be reached 
with a voltage pulse than with a charge pulse.   
5.4 Explicit Finite Difference Simulations (attributed to Stephen W. Feldberg) 
    The effective medium is a thin dithiol-linked MPC film coating an interdigitated array 
(IDA).  The term "thin" implies that the film thickness (µ) is much smaller than the spacing 
of the IDA electrode fingers (i.e. µ << δ s).  When this condition is met, the TOF behavior at 
the IDA can then be mimicked by a single pair of parallel electrodes separated by distance δs 
as in Figure 5.8.  The effective electrode area (aeff) is defined by 
 aeff = neae/2 = neyµ/2    (5) 
where ae and y are the area and length of an individual IDA finger, and ne is the total number 
of IDA electrode fingers.  The factor of two appears because only half of the total number of  
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Table 5.4  Electron times-of flight (tmax) and diffusion 
coefficients (De) obtained with voltage pulses of various 
durations (τ) in a 15 nm thick AuC6/C10 film 
0.52
0.47
0.52
0.52
0.59
(0.83)
(1.37)
(2.42)
tmax (s)
7.2 x 10-7
7.8 x 10-7
7.1 x 10-7
7.1 x 10-7
6.3 x 10-7
NA
NA
NA
De (cm2/s)
0.01
0.02
0.05
0.1
0.2
0.5
1.0
2.0
τ (s)
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Figure 5.8  Schematic of an IDA electrode (left) covered with a film of thickness µ and the 
equivalent single pair of parallel electrodes (right). The two sets of IDA electrode fingers, "1" 
and "2," are independently controlled.  
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IDA electrode fingers are generators—the other half are the collectors.  An important 
additional assumption is that there is an ample supply of mobile charge carriers so that there 
are no significant electric field effects.   
    The initial conditions for both protocols are the same, i.e. 
a) The medium contains a single (e.g. oxidized) redox moiety with concentration cbulk.  The 
electrochemical process is assumed to be a simple one-electron transfer (Ox + e = Red). 
b) The initial potentials (Einitial) of electrode sets 1 and 2 are the same (i.e. Einitial  = E1,initial = 
E2,initial).   
c) The electron hopping dynamics are characterized by a single diffusion coefficient (D). 
    Charge Pulse: A charge pulse is passed through the generating set 1 of electrodes (a 
constant current for time τ).  The step is terminated when t = τ, and the reduced species 
generated at electrode set 1 diffuses to electrode set 2 and be reoxidized. 
    Voltage Pulse: The potential E1,initial is stepped to a potential E1,step such that the redox 
species at the surfaces of electrode-set 1 is entirely in the reduced form.  The duration of that 
step is τ, and the step is terminated when t = τ , by resetting E1 to E1,initial.  Some of the 
reduced species generated at electrode-set 1 diffuses to electrode set 2 and is reoxidized; 
however, some of the reduced species is also reoxidized at electrode set 1 after the 
completion of the step. 
    The theoretical data were computed using explicit finite difference simulations.  For both 
pulse protocols, the behavior of the IDA current ( IDAi ) is computed as a function of time and 
of the duration of the generating pulse (τ).  The theoretical results are expressed in terms of 
the normalized current (IIDA) defined by 
IIDA = 2iIDAδs/aeneFDcbulk = 2iIDAδs/µyneFDcbulk = iIDA/iIDA,ss  (6) 
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where iIDA,ss is the IDA steady-state limiting current associated with a potential step and is 
defined by  
 iIDA,ss = aeneFDcbulk/2δs = µyneFDcbulk/2δs     (7) 
where F is the Faraday constant, D is the electron diffusion coefficient, cbulk is the initial 
concentration of the redox species, and δs is the width of the gap between the IDA fingers.  
The normalized time variable (T) is defined by 
 T = Dt/δs2         (8)  
and the normalized generation time (G) is defined by 
 G = Dτ/δs2         (9) 
    The results are presented as graphs of IIDA vs. log10[T] for different values of G.  The 
results for the charge pulse protocol are shown in Figure 5.9.  When G = ∞, the system 
eventually achieves a steady-state condition with current defined by (7)—all the material 
produced at electrode set 1 is removed at electrode set 2.  When G is finite, the plot of IIDA vs. 
log[T] exhibits a maximum.  If G < 1, the plot will achieve steady-state but only for the 
duration of the voltage pulse.  The resultant flat maximum in the response will be the steady-
state current.  Note that the location of the peak (i.e. Tmax = Dtmax/δ 2) changes until G is 
sufficiently small (i.e. < ~0.005).  The values of Tmax and IIDA,max (the value of IIDA when T = 
Tmax) are plotted as a function of G in Figure 5.10. The key feature of this plot is that Tmax = 
0.167 and remains virtually constant as long as G < 0.005.  Note that log10[IIDA,max] is an 
approximately linear function of log10[Dt/δ 2], with a slope of ~0.5. 
    The analogous results for the voltage pulse protocol are shown in Figures 5.11 and 5.12.  
The results for Dτ/δ 2 = ∞ are identical to those for the charge pulse protocol.  The value of 
Dtmax/δ 2 remains virtually constant as long as Dτ/δ 2 < 0.005, only now that limiting value is  
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Figure 5.9  Normalized current, IIDA, for charge pulse protocol as a function of the 
normalized time, T, for different values of the normalized step-duration, G.  
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Figure 5.10  Values of Tmax and IIDA,max as a function of G for charge pulse protocol. 
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Figure 5.11  Normalized current, IIDA, for voltage pulse protocol as a function of the 
normalized time, T, for different values of the normalized step-duration, G.  
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Figure 5.12  Values of Tmax and IIDA,max as a function of G for voltage pulse protocol. 
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0.093, somewhat lower than the limiting value of 0.167 observed for the charge pulse 
protocol.  Also, log10[imaxδ/aFDcbulk] is again an approximately linear function of log10[Dt/δ 
2], but now with a slope of ~1.0. 
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